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PREFACE 


VmnN  the  last  fifteen  years  we  have  seen  the  publi-  1 
ition  <tf  Rowland's  great  table  f)f  solar  spectrum 
I  lengths,  the  establirthnient  of  the  Yerkes,  Ko- 
Mount  Wilson  and  other  obaervatorieH 
'  devoted  to  solar  rcsearehes,  the  photography 
of  the  spectrum  of  the  con>na  and  of  the  chromosphere 
a(  total  solar  ecUpses,  Hale's  brilliant  discovery  of 
Diagnetif  fiehitt  in  sun  spotss,  the  dptormiiiation  of  the  I 
mlalUin  periods  of  the  »(uii  at  difTercnt  levt^kt,  as  weJI  as 
at  all  HuhLT  latitude-H,  I^ngley's  ttnlonietric  investigation  > 
of  the  win's  infra-rmi  Kix-dniui,  and  the  recent  Sniitli- 
Hiuian  detcrminalioiLS  uf  the  aliMilute  intensity  of  the 
nolar  radial  ion  outside  our  utniospliere.  The  great 
interefft  in  such  researtrhcs  ha*  Ixxmi  marked  by  the 
establinhmeut  of  the  International  Solar  Union,  and  its 
enlhufiastic  gatherings  of  the  foremost  invewtigaton* 
from  all  lan(]s. 

The  time  seems  riix?  for  colleeling  the  splendid  array 
of  new  solar  knowledge  which  such  iinpri'eedented 
Aetivily  has  prodiirpd.  and  for  discussing  the  probable 
nature  of  the  sun  in  the  light  gained. 

Ill  the  following  pages  the  professional  astronomer 
will  find  hitherto  unpublished  results  of  researehex, 
and  new  explaiialoni'  hypolhiise's,  illustralml  by  many 
new  text  figures  and  engravings. 
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Chapter  11  has  been  devoted  to  a  description  of  the 
methods  and  principles  employed  in  modem  solar 
research,  and  Chapters  VU  to  X  on  the  relations  of  the 
sun  to  life  upon  the  earth,  and  to  the  starry  universe  in 
general.  Thus  the  book,  while  primarily  devoted  to 
the  sun,  may,  I  hope,  serve  aa  an  introduction  to  the 
study  of  astrophysics  for  school  and  college  use,  as 
well  aa  for  the  general  reader. 

In  Chapters  VI  to  IX  are  given  many  facts  Ukely 
to  prove  of  interest  to  the  meteorologist,  geologist, 
botanist  and  engineer. 

Professor  Young's  "The  Sun"  is  now  out  of  print, 
and  as  it  is  hoped  that  the  present  work  may  to  some 
extent  take  its  place,  I  have  been  permitted  to  use 
some  of  his  illustrations,  nofjibly  in  Chapter  IV,  and 
to  make  several  quotations  from  his  text,  the  longest 
in  Chapters  IV  and  VL  I  desire  also  to  acknowledge 
my  obligations  to  many  who  have  given  suggestions, 
information  and  illustrations.  Especially  I  offer  thanks 
to  F.  E.  Fowie,  S.  A.  Mitchell,  W.  W.  Canipliell,  G.  E. 
Hale  and  the  staff  of  the  Mount  Wilson  Solar  Observa- 
tory, E.  B.  F>ost,  H.  M.  Chase,  A.  G.  Eneas,  Henry 
Holt  and  Company,  the  Superintendent  of  the  United 
States  Naval  Observatory,  M.  J.  Moore  of  the  United 
States  Patent  Office,  and  Messrs.  Briggs  and  Shantz  of 
the  United  States  Department  of  Agriculture. 

C.  G.  Abbot. 
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INTRODUCTION 


We  depend  on  the  sun  for  life,  warmth,  light,  and 

all  mechanical  and  electrical  f)owers.     Its  constant 

iipply  of  heat  is  necessary  to  prevent  the  oceans  and 

1  the  air  from  freezing.     The  supply  of  coai  which 

e  are  now  using  is  but  an  evidence  of  the  sun's  light 

in  former  ages.     To  pass  to  the  enumeration  of  the 

comfortfl  and  hixuries  and  bpauties  we  owe  to  the 

solar  rays  would  lead  us  far  astray,  and  is  indeed 

wlu^y  unnecesBary   because  all  men  acknowledge 

^^Md  many  worship  the  sun  an  the  sounie  of  these  bene- 

^^Hls<     It  would  be  a  gntss  neglect  to  omit  the  closer 

^^■Kvestigation  of  such  unique  retatioiLs  as  those  the 

^^■Un  maintain:!  to  life.      Yet  the  study  of  the  meana 

^Bf  increasing  the  ui^fulness  of  the  sun  has  been  ne- 

^■^^t«d,  and  it  is  rather  in  the  investigation  of  its 

eurious  features  that  solar  researches    have    gone 

fartbeot. 

The  enonnnus  brilliance  and  heat  of  the  solar  ra>'B 
BUggesUve  of  temiMT»turt.-s  far  above  any  which  can 
be  produced  on  the  earth;  the  marked  dimness  and 
brown  shade  of  the  edge  or  limb  of  the  sun  relative  to 
the  center;  the  fluctuating  march  of  spots  across  the 
dialc;  the  variable  rates  of  rotation  of  the  sun's  sur- 
face iu  different  latitudes;  the  brilliant  markings 
9  »-ii 
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called  facula>  which  accompany  the  spots;  the  weird 
and  highly  beautiful  pheiioineiia  of  total  solar  eclip- 
ses; all  these  have  long  been  the  objects  of  minute 
study.    In  the  last  half  century  the  development  of 
the  spectroscope  has  led  to  great  progress  in  the  more 
intimate  and  satisfactory  knowledge  of  the  sun;  so 
that  we  now  know  many  of  the  chemical  elements  of 
which  it  is  composed:  the  approximate  temperature 
of  its  surface;  the  motion  of  the  vapors  at  andnet^v 
the  surface;    the  approximate  pressure  under  whichv 
they  lie;  the  magnetic  character  and  cyclonic  struc-  ■ 
ture  of  Run  sjjots ;  their  relative  coohiess  as  compared 
with  their  surroundings;  besides  many  other  details 
hardly  to  be  credited  as  known  of  a  body  situated 
nearly  ninety-three  millions  of  miles  away. 

By  bonds  unseen  yet  altogether  stronger  than  a 
bar  of  steel  thousands  of  miles  in  diameter  the  sun 
holds  to  itself  the  moving  family  called  the  solar 
system,  comprising  the  earth  and  moon,  the  seven 
other  great  planets  with  their  satellites,  half  a  thou- 
sand asteroids,  or  minor  planets,  besidas  numerous 
comets  and  meteorites.  It  has  required  the  lifelong 
labors  of  many  men  of  exceptional  genius,  like  New- 
ton, coupled  with  centuries  of  no  less  praiseworthy  if 
less  brilliant  accumulations  of  accurate  obser\'ations 
to  have  given  us  the  full  knowledge  which  we  now 
enjoy  of  the  distances,  dimensions,  masses  and  orbits 
of  the  solar  system. 

Although  the  distance  from  the  sun  to  the  orbit  of 
Neptune  is  2,800,000,000  miles,  the  solar  system  Is 
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bt  ftupeHc  in  tliP  va«t  universe  of  tlio  stars.     In  th« 

ar  lUOl  ihcrv  flantj  iiji  in  iht-  r<mfiteUaUon  Perseus 

Loew  atar  whirh  ftir  u  ft^w  diiym  rixalctl  the  bri|(hto4t 

s  of  the  hcuveiis  in  its  brilliancy,  and  then  slowly 

idcd  away  into  insignificance:.     To  dwnllera  on  the 

"nirth  this  sight  was  new  in  1901,  but  in  reality  that 

new  star  was  so  far  away  that  its  Hudtlen  hurst  of 

light,  traveling  toward  ui*  180,000  miles  a  sccuml, 

had  been  on  the  juumey  since  the  days  of  ("romwetl, 

and  the  star  had  fiuied  away  nearly  thr(«  cmturies 

ago.     At  such  enormous  distances  are  the  stars  that, 

although  some  of  Iheiu  arel)elioved  to  Iw  millions  of 

ntilM  in  diainetcr.  they  prcwnt  no  rpul  diskH  oven  in 

vtbe  largest  telescflpes,  so  that  the  details  of  their  sur- 

H-es  rannot  Iw  exaniinitl.     Nevertheless,   by  the 

Epowt^rful  aid  of  the  spectrosrope.  niuch  is  known  of 

\tbei  chemical  constitutions  of  the  stars;  and  many  of 

em  have  l>ei!ii  shown  to  belong  to  revolving  sj"*- 

.  the  components  of  which,  though  separated  in 

^tome  itts-tances  by  greater  distances  than  is  .lupiter 

urn  ttic  sun,  are  separately  indistinguishable  to  the 

<jpe.     Still  we  might  despair  of  knowing  much 

lore  of  the  physics  of  the  stars  if  it  were  not  I  hat  the 

■etroflcope  shows  also  that  the  sim  is  but  one  of 

tern  close  by,  and  that  a  large  class  among  the  stam 

k  probably  in  a  sunitar  coudiiion  as  to  temperature, 

B  Up  of  the  same  chemical  substances  as  the 


Both   Idoscopie  and    spoclroscopic  obaervationa 
have  shown  that  the  solar  s>-Rletn  is  moving  at  a  rapid 
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rate  towards  the  constellation  Hercules,  although  no 
change  in  the  aspect  of  the  heavens  sensible  to  the 
naked  eye  would  accumulate  U)t  an  immense  period 
of  years.  By  means  of  the  displacement  of  the  earth 
in  its  orbit  around  the  sun,  amounting  to  over  180 
millions  of  miles,  semi-annually,  it  has  been  possible 
to  obtain  with  fair  accuracy  the  distances  of  many  of 
the  individual  stars,  and  from  these  by  statistical 
methods  to  go  further  and  estimate  the  average  dis- 
tances of  all  the  stars  of  a  given  brightness.  These 
various  examples  indicate  the  important  place  of  the 
sun  in  stellar  investigations;  and  indeed  the  study 
of  the  sun  as  a  typical  star,  though  quite  recently 
developed,  seems  bound  to  throw  much  more  light 
on  the  subject  of  the  nature  of  the  universe. 

Considering  the  sun  as  the  fountain  of  light  and 
heat  upon  the  earth,  perhaps  the  first  question  which 
suggests  itself  is  this;  How  much  radiant  energy 
reaches  the  earth  from  the  sun  in  a  given  time?  This 
utilitarian  branch  of  solar  investigation  has  been 
comparatively  neglected.  No  more  striking  proof  of 
the  neglect  need  be  cited  than  to  say  that  the  fore- 
most text-book  on  meteorology,  published  since  1900, 
states  various  determinations  of  the  intensity  of 
solar  radiation  at  the  earth's  mean  distance  which 
range  from  1.7G  to  4.06  calories  per  square  centi- 
meter per  minute.  Of  these  the  author  of  the  text- 
book prefers  one  which  is  confessedly  the  mean  of 
such  divergent  numbers  as  2.63  and  3.50,  one  of 
which  numbers  was  thought  by  its  originator  to  be 
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)  low,  and  the  other  too  high!  As  will  be  shown 
later,  there  can  be  little  question  now  (.1910)  that 
the  true  value  iii  about  1.9j  calories;  but  bow  remark- 
able  it  is  that  one  of  the  fundamental  constants  of 
Nature  should  have  been  uncertain  within  such  wide 
limits,  so  late  as  the  beginning  of  the  twentieth  cen- 
tury. Imagine,  for  analog>',  that  it  had  been  stated 
iu  a  standard  work  on  astronomy,  published  in  1905, 
that  the  sun's  distance  (which  is  of  no  greater  im- 
portance than  the  constant  of  radiation)  might  be 
anything  between  SO  millions  and  200  millions  of 
miles  no  far  an  known,  and  that  it  was  generally  sup- 
powd  to  be  140  millions! 

Some  of  the  more  important  questions  connected 
with  the  sun's  action  as  the  fountain  of  light  and  heat 
are  the  following:  Is  the  solar  radiation  uniform  or 
variable?  What  tosses  does  it  sutler  in  the  earth's 
atnio^here?  Are  there  changes  of  transparency  in 
the  nun's  outer  layers  sufficient  to  alter  the  earth's 
supply  of  radiation  appreciably?  How  much  solar 
radiation  does  the  earth  reflect,  unused,  to  space? 
How  does  the  earth's  tamperature  depend  on  solar 
radiation  and  on  the  transparency  of  the  air?  If 
there  should  be  variations  of  mlor  radiation,  how 
greftt  obanges  of  temperature  of  different  stations 
on  the  surface  of  the  earth  ought  to  follow,  and  how 
long  would  such  responses  be  <lclayed?  In  short, 
■re  solar  studieft  applicable  t^  weather  prediction? 
What  methods,  if  any,  can  i>e  uconomically  UMtd  to 
store  and  employ  the  sun's  energy  for  power  or  heat- 
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ing?  What  influencfts  do  changes  in  the  intensity 
or  color  of  the  hght  falling  on  different  plants  produce 
on  their  growth  and  fruitage?  May  advantageous 
variations  of  plants  be  promoted  by  the  control  of 
their  radiation  supply?  What  can  be  done  with 
solar  rays  for  the  promotion  of  health? 

In  the  pages  which  follow  the  sun  will  be  considered 
in  these  three  aspects:  First  as  the  controlhng mem- 
ber of  the  solar  system;  second,  as  an  object  of  in- 
quiry, interesting  in  itself,  but  still  more  so  as  the 
nearest  star,  and  typical  of  a  large  class  of  stars; 
third,  as  the  fountain  of  light  and  heat,  and  through 
them  of  life  on  the  earth.  It  is  indispensable  to  any 
satisfactory  understanding  of  the  second  and  third 
branches  to  be  familiar  with  the  methods  and  princi- 
ples which  are  now  being  employed  in  solar  investi- 
gations. For  the  convenience  of  the  reader  a  general 
account  of  these  is  given  in  Chapter  II,  which  there- 
fore has  to  do  directly  with  physics,  and  only  sec- 
ondarily with  the  sun,  but  which  forms  the  ground- 
work of  the  chapters  relating  directly  to  solar  phe- 
nomena. Illustrated  descriptions  of  some  of  the 
instruments  used  in  solar  research  will  also  be  found 
in  Chapter  II,  and  appropriate  references  to  these 
descriptions  and  to  the  statements  of  the  general 
relations  will  be  found  in  the  text  of  subsequent 
chapters. 

To  avoid  premature  discussion,  the  various  solar 
phenomena  will  be  described  first  without  much 
attention  to  their  explanation,  except  as  seems  nee- 
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In  fix  attention  upon  sigmficatit  facts.     Solar 
[theories  are  dealt  with  in  Chapter  VI.     One  principal 
;c^tion  to  this  course  is  in  the  frequent  noting  of 
ioiw  of  KirchhoEf's  discoveries  on  the  rela- 
tcmperaturc,  radiation,  and  absorption.     It 
if  be  that  future  writers  on  the  sun  will  attribute 
anomalous  dispersion  many  of  the  phenomena 
:re  9ct  down  as  due  to  absorption  and  motion.  But 
Although  anomalous  dispersion  hypotheses  are  so 
stronitly  advocated  by  Julius,  the  writer  feels  confi- 
dent that  his  own  preference  for  the  older  views  is 
Bttit  nhared  hy  most  students  of  solar  physics. 

What,  after  all.  is  the  sun,  and  how  can  we  best 
explain  the  principal  solar  phenomena?  No  doubt 
many  will  find  the  views  here  advanced  heretical, 
but  for  the  writer  the  existence  of  the  cloudy  photo- 
qibent,  eo  finnly  believed  in  by  most  solar  observers, 
Beeim  so  highly  improbable  that  he  has  ventured  to 
advocate  the  view  of  a  jiurcly  ga.scous  sun.  But  in 
doing  so  it  is  not  Schmidt's  refraction  theory  to 
which  he  turns  to  explain  the  sharp  solar  boundary. 
According  to  Lord  Rayleigh  our  own  atmosphere, 
if  freed  from  dust,  would  still  scatter  light  by  the 
Ktion  of  the  gases  themselves.  Schuxter  and  Natan- 
■oo  have  computed  this  effect,  independently,  and 
both  find  that  the  purely  gaseous  )tcatt«ring  goes  far 
to  explain  in  full  the  observed  weakening  of  the  direct 
beam  of  the  sim  above  Mount  Wilson  for  rays 
,shich  arc  not  selectively  abmrbed.  This  weakening 
its  to  several  per  cent.  If  then  the  gases  ct 
niii 
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the  atmosphere  of  the  earth,  which  extend,  in  density 
sufficient  to  scatter  light  appreciably,  perhaps  only 
fifty  miles  in  altitude,  suffice  to  scatter  several  per 
cent,  of  a  beam  of  light,  it  seems  probable  that  we 
can  see  at  the  most  not  more  than  a  very  few  thou- 
sand miles  into  the  gaseous  body  of  the  sun,  which,  at 
the  layer  producing  the  Fraunhofer  lines,  seems  to 
be  under  several  atmospheres  of  pressure.  Admit- 
ting this,  how  deep,  measured  radially,  can  one  see 
near  the  sun's  edge,  where  the  few  thousand  miles 
above  mentioned  will  lie  along  a  line  of  sight  nearly 
tangent  to  the  sun?  It  would  seem  that  at  the  sun's 
edge  a  shell  of  gas  of  only  a  few  hundred  miles  in 
thickness  must  suffice  tfl  fully  veil  all  that  lies  below. 
Viewed  from  the  earth  this  would  correspond  to  a 
fraction  of  a  second  of  arc,  so  that  a  gaseous  sun  at 
93,000,000  miles  away  would  present  an  apparently 
sharp  boundary.  From  these  considerations  depend 
various  consequences  adapted  to  the  explanation  of 
Bolar  phenomena.  To  be  sure  there  are  several 
apparently  powerful  objections  to  this  view  of  a 
purely  gaseous  sun,  but  they  seem  not  to  be  in- 
superable. 

My  good  friend,  Prof.  J.  C.  Kapteyn,  has  en- 
couraged me  to  set  down  several  hypotheses  which 
can  be  regarded  as  only  slenderly  founded.  Among 
these  are  the  hypotheses  of  the  causes  of  some  strange 
phenomena  of  geological  climates,  touched  upon  in 
Chapter  VI,  and  more  fully  discussed  in  Chapter 
VII;  the  hypotheses  of  the  causes  of  some  peculiar- 
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Ertdlar  evolution  given  in  Chapter  X;  and 
readera  may  be  tlisposed  to  think,  even  the 
ion  of  nolar  phenomena  alreudy  mentioned 
whirh  occupies  a  larfce  part  of  Chapter  VI.  Pro- 
foKir  Kapteyn  is  of  the  opinion  that  a  bushel  of  chaff 
U  worth  searching  by  a  Crusoe  if  it  contains  some 
^raimi  of  com  that  will  sprout,  and  so  my  defense 
for  my  temerity  in  including  such  speculations  is  that 
they  may  interest  some  readers  to  begin  some  more 
fruitful  researches. 


\ 


^^^        THE  SUN  ■ 

^^^^  CHAPTER  I  ' 

^HtBX     SOLAR     6YSTGM.      THE      SUN's     DISTANCE.       ITS 
^  DIMENSIONS 

Thb  objects  which  appear  to  move  among  the  stars, 
naniely  the  sun,  planntH,  minor  planets,  moons,  me- 
teors and  comets,'  comiwse  the  solar  system.  For- 
meriy  it  was  believed  that  all  the  heavenly  bodies 
revolve  about  the  earth.  Hut  now  the  theory  of 
Copemicu*  ij<  fully  verifio<l,  and  the  earth  is  known  to 
be  only  a  planet,  of  much  smaller  hvm:  than  Jupiter, 
Saturn,  Uramw  or  Neptune,  IhouRh  lurRpr  than  Mant, 
Veimm  or  Mexcury,  and  like  the  othnr  planets  it  re- 
rolvos  about  thtt  sun.  (laUIeo  Wiw  thrtiatoneii  with 
torture  and  forrod  to  perjure  himself  because  ho  bo- 
Iie\'ed  this,  which  shows  how  fortunate  we  are  to  live 
in  the  present  mgB. 

The  moon  has  actually  only  t^^t  as  great  a  diameter 

B  the  HUn,  although  they  appear  to  bo  alwHit  equal. 

i  in  the  immense  difitan(;e  by  whieh  the  sun  and 
|danet«  arc  separated  from  the  earth  in  eomparison 
with  the  distances  we  are  accustomed  to  travel  over 

'Not  »0  ihrpumrta  trmaiu  pmiiaiu-mli'  nlinrhi^I  tu  (he  auUr 
■jMaiiL,  liut  nuuiy  of  Uiem  do. 
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or  even  as  compared  with  the  dktance  of  the  moon, 
which  prevents  us  from  immediately  realizing  the 
great  bulks  of  these  distant  bodies.  In  the  following 
table  is  a  summary  of  the  approximate  dimensions 
and  principal  characteristics  of  the  larger  members 
of  the  solar  system.  The  means  of  determining  the 
sun's  distance,  dimensions  and  rotation  will  be  given 
later. 


Gravitation 

Accustomed  as  we  are  to  regard  inches  and  feet 
as  ordinary,  miles  as  considerable,  and  thousands  of 
miles  as  very  great  distances,  it  may  seem  almost  in- 
credible that  there  should  be  any  bond  between  the 
the  sun  and  Neptune,  situated  as  they  are  2,800,000,- 
000  miles  apart.  There  is,  however,  a  bond  between 
them  so  strong  that  it  would  require  the  strength  of  a 
bar  of  steel  500  miles  in  diameter  to  take  its  place 
in  preventing  the  escape  of  Neptune  from  the  sun. 
This  bond  we  call  gravitation.  Every  body  in  the 
universe  is  believed  to  attract  every  other  body  in 
the  universe  with  a  force  proportional  to  the  mass  or 
quantity  of  matter  the  body  contains,  and  inversely 
proportional  to  the  sfjiiare  of  the  distance  between 
their  centers  of  gravity.  On  the  one  hand,  this  law 
of  gravitation  appHes  between  all  bodies  on  the  earth 
as  well  as  between  the  earth  itself  and  any  one  of 
them;  and,  on  the  other  hand,  there  is  evidence  that 
it  holds  also  among  the  fixed  stars.  The  wpiglit  of  a 
stone  is  the  measure  of  the  attraction  between  it  and 
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the  earth,  and  with  a  sufficiently  sensitive  apparatus 
the  attraction  of  two  stone**  for  each  other  may  be 
clearly  shown.  If  weighed  with  a  sufficiently  deli- 
cate spring  balance,  a  weight  will  be  found  lighter  at 
the  top  of  a  mountain  than  at  its  base,  in  the  ratio 
of  the  sfjiiaie  of  the  distances  of  the  earth's  center  at 
the  two  places  of  observation.  There  are  chemical 
balances  so  delicat-e  that  an  object  appears  to  weigh 
differently  accordingly  as  the  weights  are  placed  side 
by  aide  or  one  on  the  top  of  the  other,  and  this  is 
because  of  the  difference  in  distance  from  the  weights 
to  the  earth's  center  in  the  two  cases. 

The  attraction  of  gravitation  between  the  sun 
and  Neptune  amounts  to  8  x  10'"  (8  followed  by 
sixteen  ciphers)  tons.  If  there  was  nothing  opposed 
to  this  force,  Neptune  obviously  would  fall  into  the 
sun.  It  is  the  motion  of  the  planet  in  its  orbit,  at 
right  angles  to  the  line  leading  towards  the  sun,  which 
maintains  the  distance  between  them. 

Kepler's  laws  of  planetary  motion  are  as  follows: 

I.  The  orbit  of  each  planet  is  an  ellipse,  with  the 
sun  in  one  of  its  foci. 

II.  The  radius  vector  of  each  planet  describes  equal 
areas  in  equal  times. 

III.  The  squares  of  the  periods  of  revolution  of  the 
planets  are  proportional  to  the  cubes  of  their  mean 
distances  from  the  sun. 

There  is  but  little  difference  between  the  major  and 
minor  a.\es  of  the  elliptical  orbits  of  most  of' the  plan- 
ets, or,  in  other  words,  their  orbits  are  nearly  circular. 
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^^Hbthliixnot  tnieof  theorhitHof  Mercury  and  Mars, 

^^■BMbown  in  Table  I. 

^^■It  niay  be  Rurprising  to  some  readers  that  Kepler 
could  have  pofwessed  so  niueh  knowledge  of  the  dia- 
tanc«i*  of  the  planets  from  the  nun  as  to  enable  him  to 
verify  the  third  law,  while  as  yet  the  actual  distaneea 
in  niile«  were  not  even  roughly  known.  But  only 
the  ratios  of  (he  distances  of  the  planets  were  re- 
quired by  Kepler,  and  theHe  could  be  6xed  inde- 
pendently of  the  actual  distances  by  the  following 
methnc),  known  since  the  days  of  Hipparchus,  which 
I  quulc  from  Young's  "The  Sun." 

'*Fiivt.  ob§er\'e  the  dale  when  tho  planet  comes 
to  its  opposition,  i.e.,  when  sun,  earth,  an<i  planet 
are  in  line,  an  in  the  fig- 
mv,  where  thr  planet 
and  earth  ore  repre- 
sented by  M  and  K. 
Next,  after  a  known 
number  of  days,  say 
one  hundred,  when  the 
[danet  has  advanced  fo  M'and  the  earth  to  E', observe 
the  plwict'e  elongation  from  the  sun,  i.e.,  the  angle 
M'E'8.  Now,  sinco  we  know  the  iieriodie  times  of 
boCh  the  earth  and  planet,  we  shall  know  both  the 
angle  M8M'  moved  over  by  the  planet  in  one  hun- 
dred daya,  and  alto  ESK,  deawribed  in  the  some  time 
by  the  earth.  The  difference  is  M'SE^,  often  called 
the  synodic  angle.  We  have,  therefore,  in  the  tri- 
angleM'SE',  the  angle  at  E'  measured,  and  the  angle 
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M'SE'  known  as  staled  above,  and  hence  by  the 
ordinary  processes  of  trigonometry  we  can  find  the 
relative  values  of  its  three  sides." 

Thus,  by  means  of  comparatively  simple  astronom- 
ical observations,  alt  the  relative  distances  in  the 
solar  system  can  be  fixed  with  high  accuracy.  It  is  a 
work  of  far  greater  difficulty,  as  we  shall  see,  to  meas- 
ure any  of  these  distances  absolutely. 

Kepler's  three  laws  were  known  before  the  year 
1620,  but  without  explanation.  Sir  Isaac  Newton 
discovered,  about  the  year  1679,  that  all  three  laws 
are  direct  consequences  of  the  laws  of  motion,  pro- 
viding it  is  assumed  that  all  bodies  attract  one  an- 
other with  a  force  varying  inversely  as  the  square  of 
the  distance.  This  latter  principle  is  Newton's  law 
of  gravitation. 

At  the  present  day  no  well-infomied  person  ques- 
tions either  the  Copernican  system  or  the  imiversal 
sway  of  gravitation;  for,  while  not  every  such  person 
has  the  mathematical  knowledge  requisite  to  examine 
all  the  proofs  of  these  fundamental  facts,  he  yet  feels 
entire  faith  in  the  conclusions  uiianiraously  agreed 
upon  by  such  masters  as  Kepler,  Newton,  Laplace, 
and  many  others  of  scarcely  less  renown,  who  have 
overcome  the  tremendous  mathematical  difficulties 
in  which  the  knowledge  of  the  motions  of  the  solar 
system  is  involved.  Every  planet  and  satellite  at- 
tracts every  other,  and  perturbs  its  motion  from  the 
simple  orbit  which  would  exist  if  there  were  only  two 
bodies  concerned.     In  a  large  astronomical  library 
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Lfind  printed  in  a  quarto  or  folio  volume  t 
itaou  representiiy?  the  motion,  for  instance. 
Such  ati  pqiiation  comprises  line  upon 
line  luid  page  after  page,  including  thou-iiands  of 
U-Ttns  required  to  account  for  all  the  disturbing  fac- 
t«rH.  Xone  hut  a  master  can  handle  such  a  problem. 
Prof.  E.  W.  Brown,  writing  in  1 904 '  of  his  invcs- 
tifpatiou  of  Ihc  theory  of  the  moon's  motion,  says: 

'*  A  few  brief  details  about  the  amount  of  time  and 
labour  expended  may  not  be  uninteresting.  From 
1S90  to  ISOo  certain  claA.ses  of  iiKMiualitics  were  cal- 
cuhited,  but  the.  work  wum  only  begun  on  a  systematic 
plan,  which  involved  a  fre-sh  computation  of  all  the 
inequalities  previously  found,  at  the  beginning  of 
18Q6.  Mr.  Sterner  began  work  for  me  in  the  autumn 
of  1897  anil  finished  it  in  the  spring  of  the  present 
year,  tJiough  neither  of  uh  wa.**  l>y  any  means  contin- 
DCHutly  engaged  in  calculation  during  that  iHTiod. 
He  fipent  on  it,  according  to  a  carefully  kept  record, 
oeariy  three  thousand  houn^,  and  I  estiniittc  my  share 
as  some  five  or  six  thousand  hours,  so  that  tlie  euleu- 
latiomi  have  pn>l}ab]y  occupietl  altogether  about  eight 
or  nine  thousand  hours.  There  were  alxiut  13,000 
iltiplicatiotLH  of  scries  made,  containing  some  400,- 
(  separate  products;  tlie  whole  of  tlie  work  re- 
1  the  writing  of  between  four  and  live  millions 
Edigitfi  and  pluti  and  miriun  siguM.  .\lthough  the 
blem  now  completed  constitutes  by  fur  the  lunger 
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imrt  ot  tb<!  whole,  much  reraairw  to  be  done  before 
it  if)  iMlvioablo  to  proceed  to  the  construction  of 
tabW." 

Kvftry  ltiTg,e  wicntific  institution  or  obser\'atory 
hfwt  iihri'mt  daily  (^mmunications  from  persons  of 
wry  moderate  attuinmeiiti!  who  presume  to  question, 
tiiiy  rtitlier  to  Hpurii,  tlie  most  well-attested  facts  of 
hiiiniiii  ktiowlodf;».  Kuch  {wrsons  seem  to  prefer 
(iHpdoiiilly  to  direct  their  attacks  on  the  following 
fnt!tn:  the  ('openucan  HyHtem;  the  law  of  universal 
(trHvitution;  the  (irrtt  and  second  laws  of  energy; 
and,  finally,  the  high  temiwrature  of  the  sun.  No 
Hi'Kuntent  can  n-fute  thorn,  because  they  have  not 
the  rei|ui«ite  Idarning  to  ('(imprehend  it,  which  Is  no 
dJHgraco,  hut  which  Khnuhl  make  men  modest  enough 
to  have  faith  in  those  who  cxi^el  them  immeasurably. 
Ilmiet'  it  is  the  policy  of  most  sciontific  institutions  to 
iivoid  entiri'ly  discussions  of  these  subjects  with  such 
iiirn'spt  indents. 

I*nifeH«>r  Newconib  tells,  in  his  "Reminiscences 
of  an  .\stn)nonier, "  of  such  a  critic  who  called  upon 
him  and  announced  hisdislwlief  in  Sir  Isaac  Newton's 
theory  of  gravil^ition.  I*rofessor  Ncwcximb  proposed 
to  the  skeptic  that  he  jump  out  of  the  nindow  and 
convince  bimMf  of  the  esklence  of  gra\-itation. 
lk>ing  thus  prt>SAHl,  ilw  visitor  stated  that  he  be- 
Itev'vd  that  gruvitf^tion  extended  iw  further  than  the 
air.  Mid  did  not  go  up  to  the  moon.  I*nifessi»r  New- 
cmub  a.ske\l  lum  if  he  had  ev-cr  been  there  to  see.  and 
whw\  his  ealWj  answi-ere\t  "No,"  replied  that,  unt 
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bof  them  «»uld  go  tji  the  hkkhi  and  try  the  experi- 
Bl,  he  diiuhtpd  if  ihcy  x;ou1(i  <'vrr  aKrwi! 


The  Sun's  Distance 
•af  Methods. 
hre  the  ratitw  of  the  distances  brtween  all  the 
riiml  memberw  of  the  solar  system  van  l>e  fixed 
1  gmtt  accuracy  by  ordinary  astronomical  obser- 
vations, it  HufTiceH  to  measure  accurately  in  miles  or 
kiluiui'ters  the  distance  from  the  earth  to  the  sun  or 
to  any  one  of  the  planpts,  and  this  fixes  the  scale  of 
the  whole  synteni.  The  great  antronomical  unit  is 
ibc  moaji  <Ii«tanco  from  the  earth  in  the  sun,  and 
many  cielpmiinations  of  it  have  been  made  in  the  lant 
2.10  yearn.  SlUI  UHtrcintmiers  are  mil  cjuile  content, 
ulthuufEh  there  i.s  nii  doubt  thai  we  know  the  distance 
I 


I,  it  is  customary  to  speak  of  the  sun's  "paral- 

injitcad  of  itK  dtHtancu.    The  parallax  is  the 

e  which  the  earth's  equatorial  radius  would  sub- 

]  if  newed  from  the  (renter  of  the  sun  at  the  me:in 

r  dislaucc.     This  angle  is  nearly  S.80  8cc(>nd^  of 

^  or  about  0.000044  in  circular  measure.     In  other 

the  earth's  mean  radius  i»  0.000044  of  the 

&*•  mean  distance,  and  the  latter  is  about  92,UO0.- 

the  solar  parallax  is  so  sDiall,  the  usual 
t  furveyora  for  finding  the  distance  of  an 
I  object  is  not  applicable  here.    For,  if 
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the  earth's  radius  of  4,000  miles  subtends  only  8.8",  ■ 
no  two  stations  on  the  earth's  surface  which  can 
be  seen  from  each  other  could  possibly  be  far  enough 
apart  to  serve  as  a  suitable  base  Une  for  a  solar 
triangulation.  Fortunately  the  obeen'er  can  avail 
himself  of  the  fixed  stars  in  the  investigation.  These 
may  be  regarded  as  an  infTnitely  great  distance  away, 
and  an  apparent  displacement  of  objects  in  the  solar 


system  among  t.he  stars  may  be  observed  from  two 
stations  at  opposite  sides  of  the  earth,  or  at  the 
same  station  by  two  observations  several  hours 
apart.  The  following  explanation  of  this  parallax 
method  is  quoted  from  Young's  "The  Sun,  " 

"Fig.   2  illustrates   the  method   of  observation. 

Suppose  two  obsen-ers,  situated,  one  near  the  north 

pole  of  the  earth,  the  other  near  the  south.     Looking 

10 
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At  the  planet,  the  northern  obser\-er  will  see  it  at  N 
(in  the  uppPT  fiRure),  whUo  tjip  other  will  see  it  at  S, 
farther  nurth  in  the  sky.     If  the  northern  ob8cr\*©r 
«ws  it  as  at  .\  (in  the  lower  part  of  the  figure),  the 
soutbom  will  at  the  xamc  lime  see  it  as  at  B;  and, 
by  meftBUlii^  carefully  at  each  station  the  apparent 
distance  of  the  planet  from  several  of  the  little  stars 
(a,  6,  e)  which  appear  in  the  field  of  view,  the  amount 
of  the  displacenient  ran  be  accurately  ascertained. 
The  figure  w  drawn  to  ttcale.     The  circle  E  being 
taken  lo  reprp«>nt  the  size  of  the  earth  as  seen  from 
Man*  when  nearest  uh,  the  black  disk  represents  the 
apparent  a\u>  of  ttu>  platicl  on  the  ttame  locale,  and  the 
di<itance  between  the  point.s  X  and  S,  in  either  figure 
A  or  B,  represents,  on  the  same  scale,  also,  the  dis- 
placement which  would  be  produeod  in  the  planet's 
pii!^tion  by  the  transference  of  the  observer  from 
Wa»hington  to  Santiago,  or  ««  vcrxa." 
^    Dr.  Cill,  lately  the  Astronomer  Royal  at  the  C&pc 
mI  Good  Hope,  has  made  many  highly  accurate  mea.s- 
BBnmentj)  l)y  this  method.     He  obtMtrved  the  oppo- 
Bdtion  of  Mars  in  1877  at  .Vsconsion  Lsland,  employing 
Hhr  his  measurements  a  heliometer  loaned  by  Lord 
^Eindsay.     This  iiuitruincnt  is  a  l«leMcope  having  it^ 
BjBUi  cut  in  halves,  uiid  having  a  micrometer  screw  for 
^Mding  the  parti<  with  reference  to  each  other,  thtu 
B|n«bling  the  observer  to  make  the  images  uf  two 
Hilarf  formed  by  the  two  halves  to  coincide.     This 
^Pen(*e  is  the  most  aci'iimte  one  known  for  measuring 
^boii]  angular  displacements  between  stars.     Dr.  GUI 
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determined  the  displacement  of  Mars  among  the 
stars  as  measured  by  evening  and  morning  observa- 
tions, and  continued  the  worB  for  several  weeks.  From 
these  nieasiirements  he  obtained  8.780"±0.020"  for 
the  sun's  parallax. 

Several  of  the  minor  planets  or  asteroids,  though  at 
greater  distances  from  the  earth,  have  proved  more 
favorable  objects  for  these  measurements  than  Mars. 
Being  smaller  and  not  so  highly  colored,  it  appears 
that  more  accurate  measurements  of  their  projections 
among  the  stars  can  be  made.  In  1SS9  and  1890  a 
concerted  system  of  observations  was  made  upon  the 
asteroids  Victoria,  Iris,  and  Sappho  by  Dr.  Gill,  Dr. 
Elkin  of  the  Yale  College  Observatory,  and  several 
German  obsen.'ers.  Their  results  range  from  8.796" 
to  8.825".  and  their  mean  is  8.807"±0.006". 

The  discovery  of  the  minor  planet  Erns,  in  1898, 
furnished  an  object  so  much  more  favorable  than  any 
other  for  parallax  determinations  by  this  method  that 
a  great  parallax  campaign  was  lately  carried  through 
upon  this  asteroid  by  many  of  the  leading  observa- 
tories. Undoubtedly  a  still  more  thorough  one  will 
be  undertaken  in  1931,  Eros  has  a  very  elliptical 
orbit;  so  much  so  that  when  nearest  the  earth  in  the 
moat  favorable  oppositions  its  distance  is  only  13,- 
500,000  miles,  and  its  parallax  then  becomes  as  great 
as  60";  wliilc  at  its  most  unfavorable  oppositions  its 
nearest  distance  is  74,000,000  miles  and  its  parallax 
only  U".  In  the  opposition  of  1900-1,  its  nearest 
approach  \vn?  30,000,000  miles,  but  in  1931  it  will  be 


Prof,  .\rthur  Hinks 
1  published  the  reductioD  of 
)  lUBMUremcnU  of  the  lOOO-I  in- 
temationid  Eros  campaign,  and  he  obtains  the  solar 
parallax  as  8.807"±0.0027". 

The  method  jiwt  de»icribed  fur  Bxing  the  scale  of 

the  solar  sj'^tcm  is  generally  believed  to  l>e  the  best  of 

alt  at  present.     But  then*  are  several  other  methods 

which  de!«r\'e  mcnlioD,  aiid  fuvt,  on  account  uf  its 

hifttorical  interest,  the  method  of  the  transit  of  Venus. 

Tlua  planet  as  u  dark  ttpol  pasHPs  nccai^innally  be- 

twnen  us  and  the  sun's  disk.     The  transits  occur  in 

tin,  about  eight  years  apart,  and  the  pairs  occur 

f  aJwut  once  a  centurj'.     Those  of  June,  1761  and 

t,  and  of  December,  1S74  and  1882,  were  all  oI>- 

I  with  great  attention  by  astronomers  of  sev- 

natioiu,   for  they   were   regarded,    until    very 

[ntly,  as  yielding  by  far  the  Ik^I  nieanx  of  fixing 

B  Nulor  pamlba.     All  the  methotls  used  depend,  of 

>,  on  the  [lisplai-'enient  of  the  planet  nn  the  suu'h 

s  viewed  fronk  opposite  sides  of  the  earth. 

tnWdd'H  "History  of  the  Uoyal  Society  of  Great 

ritoin,"  may  \x-  found  several  quaint  items  relating 

to  the  transit*  of  17f>l  and  1709.     We,  of  America. 

Mtnctimes  get  the  impn^wion  in  our  early  »(!hiH»l  days 

that  King  George  III  was  only  a  crazy  old  despot, 

I  it  will  be  a  satisfaction  to  many  of  us  to  know 

t  be  was  a  very  Iil>eral  patron  of  the  best  scicntifio 

At  the  request  of  IheHoyal  Society  he 

I  £1,800  to  \>e  appropriated  for  the  obHerva- 

13 
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tion  of  the  transit  of  1761,  and  in  addition,  the  Ad- 
miralty directed  a  ship  of  war,  the  Sea-Horse.  to 
convey  the  observers  to  Bencoolen  in  India.  The 
Rev.  Nevil  Maskelyne,  afterwards  Astronomer  Royal, 
was  sent  to  observe  at  Saint  Helena. 

The  two  observers  sent  to  Bencoolen  were  Mason 
and  Dixon,  the  names  so  famous  in  American  history 
on  account  of  their  survey  of  "Mason  and  Dixon's 
Line,"  wliich  afterwards  led  to  the  popular  name  of 
"Dixie"  for  the  South-land.  Their  ship,  the  Sea- 
horse, engaged  a  French  frigate  almost  at  the  shores 
of  England.  The  stands  for  instruments  were  dam- 
aged by  8hots,  and  the  observers  could  hardly  be  in- 
duced to  reundertake  the  journey.  On  account  of 
the  delay  thus  occasioned,  they  observed  at  the  C'ape 
of  Good  Hope,  instead  of  proceeding  to  India. 

For  the  transit  of  I7(j9  the  King,  at  the  Memorial 
of  the  Royal  Society,  provided  even  more  liberally. 
He  ordered  £4,000  clear  of  fees  to  be  paid  over,  and 
that  any  balance  which  might  be  unexpended  should 
be  for  the  use  of  the  Society.  In  addition,  the  ship 
Endeavor,  under  the  command  of  Lieutenant,  after- 
wards the  famous  Captain,  James  Cook,  was  ordered 
to  the  Pacific  Ocean  to  take  part  in  the  observations. 
Cook  observed  the  transit  successfully  at  what  is  now 
called  Venus  Point,  on  the  island  of  Tahiti.  The 
Royal  Society  sent  observers  also  to  Hudson's  Bay 
and  to  India  on  this  occasion. 

In  1874  and  1882  very  elaborate  preparations  were 

made  by  the  goverimients  and  private  astronomers  of 

li 
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iny  TOuntries,  including  <»ur  own.  Observations 
p  nmdc  all  over  the  world  and  with  many  kinds  of 
utUH,  including  helionn^ters,  micrometers,  and 
npbic  apparatus.  Many  thousands  of  ob- 
■ations  were  made. 

he  rpsuhituf  the  several  transMts  of  Venus  are  on 

t  whole  disappointing.     A  general  discussion  of  the 

Krvations  of  17(il  and  1769  was  made  by  Encke  in 

I,  and  lie  found  the  solar  parallax  8.5770".     More 

lent  reco!iiput«tions  have  shown  that  the  transit  of 

I  may  tte  said  to  indicate  a  parallax  of  between 

'  and  8.9".    From  the  transits  of  1874  and  1882 

^ervnt  astronomers  have  computed  widely  differetit 

wit*,  ranting  from  K,S9"  down  to  8.75".  Newconih 

plK  8.7iM"n±.02'2". 


(?)  7V  (Imntatiftn  Melhoda. 
Thiu  far  wc  have  considered  only  geometrical 
hnAs  fnr  detemitmng  (he  ftarallax,  an<l  now  we 
1  iiotiee  another  class  of  quite  a  difTeroiii  charac- 
-the  gravitational  methods,  so  railed,  which  de- 
nd  on  noting  the  [wrturhing  effwrttt  of  the  different 
lets  and  salellites  on  one  another.  One  of  the 
t  of  tiiem  de[jends  cm  ob«?rvations  of  the  motion 
|thc  moon.  It  wa''  Han^'nV  studies  of  the  nuKm'ii 
^c  inecguality  which  led  him  to  annoum-e.  in 
,  the  inadmissibility  of  Encke's  value,  8.5776", 
the  solar  parallax.  The  i>erl  urbation  of  the 
va'&  orbit  by  the  sun  cauMes  the  interval  fnmi  new 
on  to  fint  quarter  to  be  alxiut  eight  minutus  longer 
U 
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than  that  from  the  quarter  to  full  moon.  This  in-  ■ 
equality  depends  on  the  ratio  of  the  radii  of  the  orbits 
of  the  moon  and  the  earth.  Hence,  as  the  moon's  dis- 
tance is  known,  the  solar  parallax  could  be  determined 
if  the  inequahty  could  be  exactly  measured.  New- 
porab  gives  8.794"  as  the  most  probable  result  thus 
obtained,  but  Prof.  E.  W.  Brown's  recent  able  investi- 
gation of  the  moon's  motion  leads  to  the  value  8.778". 

Another  gravitational  method,  proposed  by  Lev- 
erier,  has  the  advantage  of  cumulative  increase  of 
accuracy.  It  depends  on  the  secular  perturbations 
of  the  orbits  of  the  planets,  especially  of  Venus  and 
the  minor  planets,  by  the  earth,  which  cause  motions 
of  their  nodes  and  periphelia.  As  time  goes  on,  the 
displacements  thus  caused  are  continually  additive, 
and  will  eventually  be  so  large  as  to  be  determined 
with  very  high  accuracy.  Leverier,  indeed,  thought 
it  not  worth  while  t^  observe  the  solar  parallax  by 
other  methods,  since  this  must  eventually  lead  them 
all.  Newcomb  gives,  as  the  most  probable  mean  re- 
sult obtained  by  Leverier's  method,  8.768",  A  fav- 
orable application  of  Leverier's  method  may  be  made 
in  the  case  of  Eros.  G.  Witt  has  found,  thus,  the 
ratio  of  the  sun's  mass  to  that  of  the  earth  and  moon 
combined  as  328,882  ±982.  From  this  he  computed 
a  solar  parallax  of  8.794"±0.009".  Great  improve- 
ment in  the  accuracy  of  this  Eros  result  will  come 
after  the  close  opposition  of  1931. 

It  is  noticeable  that  the  mean  of  the  results 
obtained    bj'    tlie    various    gravitational    parallax 
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meliMxk  falls  bdow  that  obtained  by  the  purely 
geotneUical  methods  u^d  in  the  minor  pluiiet  nom- 
psilpis.  Most  astninomers  would  attribute  this  to  the 
leaser  accuracy  of  the  gravitational  methods  at  pres- 
ent. It  is  certain,  however,  that  the  geometri<!al 
minor  planet  method  tends  to  give  too  high  results, 
owing  to  the  difference  of  atmospheric  refraction  be- 
minor  planet,  Eros,  for  inRtance,  and  the 
iptuiaon  stars;  for  the  minor  planets  shine  by 
ed  sunlight,  and  their  light  cannot  be  at^  rinh 
in  the  blue  end  of  the  spectrum  as  sunlight 
j[  because  of  the  smaller  reflecting  i«)wer  of 
■olid  substances  for  blue  than  for  red  light. 
On  the  nthfv  hand,  the  light  of  most  stars  is  rela- 
tively richer  in  the  blue  end  of  the  spectrum  than  is 
that  of  the  sun.  It  is  probable,  therefore,  that,  in 
the  nu!aii,  the  ccmiparison  stars  for  Eros,  for  instani^r, 
an*  bluer  tluui  the  sun,  while  Eros  itself  is  redder  than 
the  Kun.  Now  the  point  of  tlie  method  lies  in  deter- 
mining the  apparent  diMpla(«ment  of  lOrus  at  two 
una  far  apart  on  the  earth's  surface,  or,  still 
T,  by  morning  and  evening  observations  at  the 
station.  In  the  last-mentioned  method,  when 
Eros  is  low  in  the  east  its  altitude  above  the  horizon 
will  be  iucrcosod  by  atmospheric  refraction,  but  (he 
comparison  stars,  being  bluer,  nill  be  raised  moni 
than  Eros.  Similarly  in  the  west.  The  effect  is  t<) 
nuke  the  parallax  of  Kros,  and  hence  tliat  of  the  sun. 
■p  large,  no  matter  whether  the  observations  are 
^pdo  lamultaneousty  by  two  distant  obser\'atories, 
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or  by  one  observatory  in  the  morning  and  eveoii 
It  is  not  yet  delerniined  how  considerable  this  errcK.1 
is,  but  it  should  be  investigated  with  care. 


k 


(3)  Dependence  of  the  Sun's  Distance  on  Geodesy. 

In  all  the  methods  thus*  far  referred  to,  the  solar 
parallax  is  obtained  before  the  sun's  distance,  and  the 
astronomer  requires  of  the  geodetic  surveyor  to  tell 
him  the  dimensionB  of  the  earth,  if  he  wishes  to  pass 
from  the  parallax  to  the  actual  solar  distance.  Accu- 
rate measurements  of  the  earth  require  pendulum 
observations  at  many  stations  to  fix  the  earth's  shape, 
and,  besides  this,  they  require  the  actual  mea^iure- 
ments  by  triangulation  of  very  long  arcs  of  the  earth's 
surface,  and  these  depend  finally  on  measurements 
of  a  base  line  of  a  few  miles  in  length.  Base  Un&s  are 
measured  by  repeatedly  setting  end  to  end,  under 
microscopic  observation  and  on  specially  leveled 
supports,  short  bars  or  tapes,  whose  temperature 
must  be  observed  throughout  the  process.  Such 
measurements  of  base  lines  are  now  made  with  an 
error  of  less  than  one  part  in  a  million.  The  final 
result  from  the  whole  net  of  triangulation  recently 
completed  across  the  United  States  by  the  Coa.st  and 
Geodetic  Survey  is  thought  to  be  accurate  to  within 
eighty-five  feet  in  a  total  distance  of  nearly  3,000 
miles.  Several  determinations  of  the  earth's  dimen- 
sions have  been  made  within  fifty  years.  They  give 
the  earth's  mean  equatorial  radius  as  3963.1  mdes, 
with  a  probable  error  less  than  one  part  in  20,000. 
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■  yeU>cily  of  LigfU  Mtihod. 

Kc  iiDw  conic  to  an  imiwrtant  class  of  observations 

ndiiig  OD  the  vdcoity  of  liglit.  and  callpd  the 

sica]  parallax  methods,"  hj-  which  we  may  find 

t  sun's  distuiK'c  directly.     Several  ways  have  been 

ployed  for  measuring  I  he  velocity  of  light,  but  the 

»  beat  are  the  toothetl-whoel  melhml  of  Fizeau  and 

I  revolving  luirror  method  of  Foucault.     In  Kiz- 

I  method  (see  Fig.  3)  a  beam  of  light  starts  from 

urcc  at  L  and,  after  passing  thniugh  the  Ien«  A 

1  htnng,  reflected  by  the  thinly  silvered  plane  glass 


B  B,  coroos  to  focus  and  paA-ws  Iwtween  two  tfleth 
i  whwJ  at  F.  Theace  the  ray  goes  on  to  the  lens  C 
,  after  txavisUng  a  great  distance,  is  focused  by 
the  lens  D  upon  the  mirror  E,  which  retunis  it  on  tt^ 
cuune,  flo  that  at  length  it  passes  afiaJii  between  two 
teeth  at  F,  and  a  part  of  it  eomi^  to  the  observer  at  H. 
Now  imagine  the  wheel  in  mpid  rotation.  The  light 
1  then  bo  cut  off  by  every  tooth  which  pas.ses  F. 
1  will  thus  consist  of  a  seriett  of  fla-thtw.  But, 
( to  the  |>c>rststence  of  vision,  the  beam  vn\l  still 
1  continuous  if  observe<]  at  H,  though  it  will 
I'tteakencd  because  it  shineH  only  iiitcrmittenlJy. 
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Time  is  requited,  however,  for  the  light  to  pass  from 
F  to  E  and  bark  to  F,  and  meanwhile  the  tooth  next 
F  has  advanced,  and  may  be  in  such  a  position  as 
exactly  to  cut  ofT  the  returning  beam,  so  that  the  eye 
at  H  will  see  nothing.  By  gradually  increasing  the 
speed  of  the  wheel  the  light  is  alternately  cut  off  and 
transmitted.  By  counting  these  changes  from  light 
to  darkness,  and  knowing  the  number  of  teeth  and  the 
speed  of  the  wheel  and  the  distance  FE,  the  velocity 
of  light  is  measured. 

The  method  of  Foucault  is  illustrated  by  Fig. 
Light  from  the  .slit  S  passes  through  the  thinly  sil« 


he 

I 


vered  glass  plate  P,  thence  through  the  lens  A,  and  is 
reflected  by  a  plane  mirror  B  to  the  concave  mirror  C. 
The  radius  of  curvature  of  the  mirror  C  is  equal  to 
BC,  so  that  the  light  is  returned  to  B  in  the  same  path 
that  it  traversed  in  going,  and  thus  it  again  passes 
through  the  lens  A,  and  a  part  is  reflected  by  the  sil- 
vered glass  P  and  is  observed  at  O.  If  the  mirror  B 
is  revolved  slowly,  the  light  conies  out  at  O  as  a 
series  of  flashes.  These  become  sensibly  continu- 
ous to  the  eye  as  the  speed  increases,  but  when  the 
speed  becomes  high  the  image  at  0  becomes  dis- 
20 
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^puccd  uwiiig  to  Ibe  motion  uf  rotation  of  the  mirror 
B  whilp  th<?  light  in  paKHing  fnun  B  to  ('  and  hack  to 
B.  From  the  aaiouut  of  displacement,  the  speed  oF 
ihe  mirror,  and  the  distance  EC,  the  velocity  of  light 
id  romputed. 

Acconling  to  the  electromaBTietic  theory  of  light, 
Ihe  ralin  between  the  elertrostatic  and  the  electro- 
mn^etic  syittcnw  of  electrical  units  should  ol-'^  give 
the  velocity  of  light.  Furthermore,  the  electric  waves 
Ui«d  in  wireless  telegraphy  should  pmceed  with 
the  velwity  of  light.  Result«  depending  on  these 
lik«t  two  fonwderatioiis,  though  intenwtirig,  cannot 
rival  in  lururary  the  velocity  directly  determined. 
The  fi>Ilowing  are  among  the  beat  results: 


^L             n-mmnm. 

Mlbod. 

p.r1iJSid. 

Ukmi  itf  CoTDU  kiul  Pit-  t 
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Herts  Ha vtw 
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The  velocity  of  light  just  given  is  probably  correct 

vHlun  one  part  in  ten  thousand. 
There  are  throe  wa>'s  of  employing  this  quantity 
fix  the  dUtance  of  the  sim.     The  first  we  will  men- 
is  ibnmgb  the  aberration  of  light.  Though  light 

pnwvctis  by  wave  motions,  and  not  by  particles,  the 
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idea  of  aberration  may  be  understood  by  the  analogj^ 
of  raindrops.  If  rain  is  falling  vertically,  antl  a  man 
stands  still,  his  hat  screens  his  face.  But  if  he  move 
rapidly  forward  in  any  direction,  the  rain  strikes  his 
face,  thus  appearing  not  to  come  vertically  but  at  an 
angle  thereto.  So  with  the  light  of  the  stars :  Owing 
to  the  motion  of  the  earth  in  its  orbit  the  stars  are 
apparently  displaced  when  the  earth  is  moving  at 
right  angles  to  the  line  of  sight;  the  displacement 
being  in  one  direction  at  one  time  of  the  year  and  in 
the  opposite  direction  when  the  earth's  motion  is  re- 
versed six  months  afterwards.  Owing  to  aberration, 
stars  at  the  pol&s  of  the  ecliptic  descrilie  little  circles 
about  41"  in  diameter,  and  those  in  the  plane  of  the 
ecliptic  merely  oscillate  in  a  straight  line  about  41" 
long.  There  is  an  uncertainty  of  a  few  hundredths 
of  a  second  as  to  the  "constant  of  aberration,"  as 
astronomers  call  the  radius  of  the  circle  of  aberration. 
The  Paris  conference  of  1S90  adopted  the  value 
20.47",  But  there  is  now  much  evidence  tending  to 
recommend  a  higher  value.  The  long-continued  ob- 
servations of  Doolittle  made  with  instruments  of. 
different  kinds  seem  to  require  us  to  set  the  constant 
of  aberration  as  high  as  20.51",  perhaps  even  20.53". 
The  following  table  shows  the  relation  of  aberration 
and  solar  parallax  values: 


Abcrralion 
Constunt. 

20.46"i20.47"i20.-18"  ,20.40" 

i      '      1 

20.50"ja0.51" 

20.52" 

20.53" 

Solar 

Parallax. 

8.807"|8.803"  8,799"  j8,794" 

8.790"iS.78a" 
1 

8.781" 

8.777" 
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itoibpr  way  to  unc  ihe  vclocnty  (if  liBht  for  fixity 
I  win's  distaiin?  in  iKriiugh  Ilie  observations  of 
^  flitt4^Uit(».  Olaf  HoiiHT  eaJIetl  attoiition  to 
I  method  hy  taking  the  problem  the  other  way 
Ut  aiirl  cumimliiig  the  velocity  of  light  from  the 
1  known  dL'^tJiiicc  of  the  sun.  Thesiitellites 
I  behind  Ihp.  planet  and  are  eclii>S(>d  frct|uently. 
1  ccUpsei^  occur  nearly  1,000  seconds  later  in 
B  when  Jupiter  is  in  conjunetion  than  when  in  op- 
Btiuu,  for  there  in  a  difference  of  distance  amount- 
[  to  Ihe  whole  diameter  of  the  earth's  orbit  for 
light  to  traverse  in  the  two  ca»<w.  Unfortunately,  the 
eriipsaf  are  not  sudden  iihenoiuerui,  so  thai  it  requires 
efiU  photometric  work  to  fix  the  "Ught  equation," 
I  (he  time  required  for  light  to  travel  Ihe  radium 
|the  eurth's  orhit  ih  called.  According  to  rnany 
s  of  observation  at  the  Harvard  College  Obser- 
lor>*.  as  rwJured  by  Pnifessor  Samson  of  Durham, 
t  liglit  oritiation  is  40S.(>1  sceoDds.  From  tim  the 
■'»  p4U-nl[ax  comes  out  8.799". 
,  third  way  of  cmployuig  th«  velocity  of  light 
ugh  what  id  known  a-'*  the  Doppler  effect. 
i  an  a  locomotive  whittle  is  higher  in  pit^^h  when 
}  train  approaches,  so  the  liidit  of  a  .stur  is  bluer 
in  hue  when  we  are  approaching  the  star  in  the  earth's 
orhit.  The  velocity  of  the  earth  is  ao  t*inall  compared 
U)  the  vehicity  of  light  that  the  magnitude  of  the 
chan|[e  can  be  measured  oidy  with  a  [Kiwerful  >^\m^c- 
Innwope  of  special  design.  Ne\'erthelc*s,  it  «eem« 
poaaible  that  solar  parallax  determinations  by  thin 
4  ^ 
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method  may  before  long  (compare  favorably  in 
accuracy  with  any  others.  For  parallax  purposes, 
Kiistner,  and  lately  Halm,  have  jihotograiihed  the 
spectra  of  bright  stars  in  comparison  with  spark 
spectra  photographed  above  and  below  on  the  same 
plate.  They  repeated  these  compari-sons  at  Inter- 
vals of  about  sLx  months  for  several  years,  and,  after 
applyitig  necessary  corrections,  they  have  determined 
the  velocity  of  the  earth  in  its  orbit,  antl  from  thi.s 
the  sun's  parallax.  Their  values  are  not  far  from 
those  obtained  from  other  methods,  but  are  not 
(luite  accurate  enough  to  compete  with  them. 

It  would  seem  more  proinisinK  Ui  detennirie  the 
relative  velocities  of  the  planets  and  the  earth,  by 
photographing  simultaneously  the  spectra  of  Venus 
and  Mars,  or  of  Mars  and  the  moon  al  a  favorable 
time.  Suppose,  for  instance,  that  two  large  cce- 
lostats  (see  Chapter  II)  were  arranged  one  beside  the 
other  to  reflect  the  light  of  Mars  and  Venus  simul- 
taneously upon  a  single  long-focus  concave  mirror, 
and  the  two  images  were  reflected  together  by  suit- 
able devices  so  as  to  fall  at  once  one  above  the  other 
on  the  slit  of  a  powerful  spectroscope.  By  the  use 
of  a  rotating  sector  one  image  could  be  made  equal 
to  the  other  in  brightness,  and  the  spectra  of  both 
could  then  be  photographed  absolutely  simultane- 
ously, one  above  the  other  on  the  same  plate. 
Errors  such  as  ilisplacements  by  change  of  tempera- 
ture of  the  spectroscope  would  effect  both  spectra 
alike.  The  ccelostats  should  be  used  alternately 
24 


Uic  two  ultjpcU,  m  an  to  foUuw  cml  IVorL-ssor 

ler'n  cxcdleiil   motto  of  "reversing  everything 

thai    ciui   lio   n'vor«?<l."     ¥nnn   prpliminary    trials 

made  at  Mount  Wilson  it  seemed  to  Mr.  Adams  and 

thi-  writer  that  it  would  be  practicable  to  photo- 

gniph  the  two  ^jieotra  on  a  scale  ^  as  large  as  that 

which  Mr.  ,\dani.'»  employed  to  determine  the  solar 

rotation  spectroscopically.     An  the  s[M^ctra  of  tho 

planets    are    similar,    being    solar    spectra    slightly 

altered    by    selective    rcflei-tion,    there    woul<i    be 

^HiUDonnu    good    liuM    to    measure.     There    would 

^^Wdently  be  no  nece««<ity  of  introducing  &  terres- 

^^iW  comparison  spwtnmi.     ll  seems  probable  that 

by  thii4  methtnl  the  Milur  parallax  could  Im-  detrrmi- 

nablf  III  alxiut  one  part   in  2(HHt.     However,  it  hati 

I  yet  been  tried. 


Summary. 

'  Excluding    parallax    values    not    of    the    Iiighettt 
fat,  wc  have  the  following  mean  results: 

,.  .,    vwodcunniinurpluiiH*  8,807'* 

piafMliiiitMipwiPi  ,8  807" 

ftamcd^WBolJupttrr'niuK-llitni'  H  7(KI" 

Tram  tbpromtMitut  nbiimt ion tifliBlit  (iii«uiiM<d'M  .^1").  .     S  7S0" 

If  we  take  the  mean  of  nil  these  results  as  they  stand. 
•j  in  effect,  give  double  wtnght  to  the  geonietricftl 
I  velocity  of  light  methoda  as  comparerl  with  the 
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gravitational  method.  This  seems  justified, 
by  doing  so  we  reach  the  probable  value  of 
solar  parallax  as 

8.796". 

This  corresponds  to  a  solar  distance  of 

92,930,000  miles  or  149,560,000  kilometers. 

Dl.A,METER  OF  THE   SUN 

From  the  hcliomctcr  measurementrt  of  Schurr  and 
Ambronn  the  sun's  angular  diameter,  as  seen  from 
the  earth  at  mean  distance,  is  1920.0"±0.03."  Other 
determinations  agree  very  closely  with  this.  Hence, 
the  sun's  diameter  is 

865,000  miles  or  1,392,000  kilometers. 
Poor  has  lately  maintained  that  observations  indi- 
cate that  the  sun's  equatorial  and  polar  diameters - 
vary  relatively  as  much  as  0.1"  during  a  sim-spot 
cycle  of  eleven  years.  According  to  him,  the 
equatorial  diameter  is  the  larger  at  sun-spot  maxi- 
mum, and  the  polar  diameter  the  larger  at  minimum. 
Ambronn,  however,  denies  that  this  is  supported 
by  the  observations,  and  Moultou  opposes  so  large  a 
variation  on  theoretical  grounds. 
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The  Sun's  Mass 

The  mass  of  the  sun  relatively  to  a  planet  which  has 

a  satellite  may  be  obtained  in  several  ways.     One 

of  them,  as  applied   to  the  earth,   is  as  follows: 

Let  M  be  the  mliss  of  the  sun,  earth  and  moon 


THE  81'N'S  DLMENSIONS 

nhincd;  and  m,  that  of  the  earth  and  moon;  let 
lie  thf  muun  diwlanL-f  betwwn  the  eentera  of 
i  *uii  and  Ihe  earth ;  r,  the  mean  distance  between 
mton  of  the  earth  and  moon:  let  T  lie  the  number 
F  daVK  in  a  sidereal  ye^ir,  and  t  the  number  in  a 
real  month.     Then,  by  Kepler's  Uiw: 

=  -:-;  whence  M-m  :,«  =  ---:-. 

The  maa*  of  the  moon  compared  with  the  earth  w 

known  from  fither  data  to  l>e  1  /  Sl.iVJ.     Small  cor- 

jcUoas  U>  the  [»rioda  T  and  I  due  to  the  perturba- 

i  arc  al!«o  known.     Applying  these  eorrection«, 

i  ratio  of  the  niaw^ns  of  the  Hun  .itid  parlh  cnniat 

^t.     It  v,  accordmg  to  Ncwcumb,  for  a  paralhix 

1 8.796": 

332,800. 


The  Eajitk's  Mass 

r  Astronomy  mu«t  be  displai!e<l  by  physics  if  we 

uld  proeewi  further  and  obtain  the  n^at^  of  the  sun 

p  ordinary  unit><;  for  the  mass  of  the  earth  is  then 

njuired.     ThiK  is  dcteniiinod  by  comparing  the  at- 

trtion  of  the  earth  for  a  body  (i.e.,  the  weight  of  the 

dy)  with  the  attniction  whicli  a  known  mass*  pro- 

«  when  acting  upon  the  body  from  a  known  dis- 

DiirinK  rhe  einhteen'h  century  attempts  weje 

*  to  compare  the  utlraction  of  a  mountain  with 

tit  of  the  earth.     The  most  eelebrateil  of  these  waa 

rforawd  in  1775,  under  the  auspires  of  iho  Royal 

iety,  by  the  .\stronomer  Koyid  Maskelync  at  the 
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mountain  Schehallien  in  Scotland.  Owing  to  the  im- 
possibility of  deterraining  accurately  the  center  of 
gravity  and  density  of  a  mountain,  this  method, 
though  suggested  by  Newton,  and  one  very  interest- 
ing to  contemplate,  is  of  little  value.  What  is  known 
as  the  method  of  Cavendish,  though  proposed  by 
Michell,  is  regarded  as  best.  In  this  method  a  pair 
of  small  balls  are  hung  at  the  ends  of  a  rod  which  is 
supported  in  the  center  by  a  fine  wire  or  fiber.  Two 
large  masses  are  placed  in  a  position  to  twist  the  sus- 
pending fiber  by  attracting  the  small  balls.  The 
force  of  attraction  is  measured  by  the  torsion  of  the 
fiber,  and  this  is  determined  by  the  period  of  vibra- 
tion of  the  system.  C  V.  Boys  performed  a  notable 
piece  of  work  by  this  method  in  1894,  and  for  it  ho 
invented  the  quartz  fiber,  without  which  some  of  the 
most  delicate  and  interesting  of  moilern  physical 
work  in  other  lines  would  be  impossible.  His  first 
method  of  making  quartz  fibers  was  very  picturesque. 
One  bit  of  a  quartz  crystal  being  fastened  to  a  little 
arrow,  and  another  to  a  bow,  the  two  bits  are  fused 
together  by  a  blowpipe  flame;  and  when  the  quartz 
is  properly  melted  the  arrow  is  shot  out,  trailing  be- 
hind it  a  thread  of  (juartz  almost  too  fine  to  be  seen. 
Such  fibers  are  almost  perfectly  elastic,  and  as  strong 
as  steel  in  proportion  to  their  size.  Boys  obtained 
for  the  mean  density  of  the  earth,  5.527.  In  other 
words,  the  earth  has  five  and  a  half  times  as  great 
mass  as  it  would  have  if  composed  entirely  of  water. 
The  principle  of  a  third  methoil,  more  simple  to  un- 
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THE  sl:n's  dimensions 


^^■EnAod  than  Ca%'eDiliah'8,  i.s  illustrated  in  Fig.  5. 

^^HPO  equal  balL^,  A  and  B,  arc  suspended  from  the 

^B^KD  E  of  an  equal  arm  balance,  and  two  large  equal 
baUs  are  arranged  »o  an  to  be  in  the  poiiitionH  C  and 
D,  or  C  and  D',  at  pleasure.  In  the  first  position 
ibey  t«»d  by  their  at> 
tnctioiM  to  make  A 
overfoidjuice  B,  and  in 
the  secood  position,  the 
opponte.      Hence    the 

^jatn    weighing    of    B 

^^^bin»t  A  by  meani;  of 

^^nder  on  the  beam  E  is 
the  principal  require- 
trient  in  addition  t^i  knowing  the  ina.s8eH  of  the 
balb,  C  and  D.  aiid  their  distances  from  A  and 
B.  By  this  mean.1  Richars  and  Krigar-Mcnzel 
dftomuDed  the  earth's  moan  density  to  bo  5.505. 
Burgpsei  hatu  discuis»ed  the  difTerent  deternurta- 
tinns,  and  gives  the  inoKt  probable  value  of  the 
•arth'R  denftily  as  5.5247  ±  0.0013.  Corrc8ponding 
|lhis,  the  conxlant  of  gravitation  (nee  the  begin- 


PlO.    fl. 


I  ch^tcr)  in  666.07  x  l(r"> 


(or 


■am  the«e  figiirea  the  maw)  of  the  earth  ia 

|17  X  10"  pounds,  or  5.US4  X  10"  kilograiiw.  and 

I  of  the  sun  in  4.3S  x  10*'  pound.-*,  or  l.(HX)  X 

'  kilograms  (Ihat  is  4.  or  1.  followt^d  by  .10  placca 


The  Sun's  Density 
Since  the  volume  of  the  sun  is  1,306,000  times  that 
of  the  earth,  the  density  of  the  sun  is  only  0.255  as 
great  as  that  of  the  earth,  and  is  1-41  as  compared 
with  water.  A  most  interesting  and  important  con- 
clusion follows  from  these  figures  on  the  density  of 
the  Sim.  Notwithstanding  that  its  density  is  so 
small,  we  know  from  its  spectnim  that  the  sun  has 
many  of  the  heavy  metals  and  other  chemical  ele- 
ments found  upon  the  earth,  and  we  presume  that  it 
Includes  few  elements  or  compounds  wliich  in  a  liquid 
or  solid  state  would  be  of  less  dea-iity  than  water. 
Water  and  other  common  hquids  can  not  exL-^t  even 
as  vapors  on  the  sim,  owing  to  the  high  temperature. 
In  view  of  these  facts,  it  follows  that  the  siui  is  prob- 
ably mainly  gaseous.  Owing  to  the  enormous  mass  of 
the  sun,  the  attraction  of  gi-avitation  at  its  surface  is 
27.6  times  a*?  great  as  that  at  the  surface  of  the  earth, 
so  that  a  body  which  weighed  a  hundred  pounds  here 
would  weigh  over  a  ton  there.  Hence,  the  gases 
of  the  interior  of  the  sun  must  be  tremendously  com- 
pressed, so  that  probably  in  their  appearance  they 
would  resemble  liquids,  thoiigh  still  having  the  prop- 
erty of  indefinite  expansibihty  characteristic  of  gases. 
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CHAPTKR   II 

ISSTBUMENTS     AXD     MBTHODS     I'SED     IN  SOLAR 
ISVEBTKiATION 

TW  TrliPMpc— Tlie  C<rlort«t.— Thi-  Rpprfnim  snil  what  it  in- 
dirMM. — HpoetnMoopm.  -TItP  Sp-.'drolvliugrttph.— Tb-  HkUu- 
auawnMcr.— The  Couipwiktor. — The  Nnliire  nf  IttutiBtinn. — 
hum  tt  Rwltaiion— Spndra  of  DiHrjwit  Soiirc™.— Pyriiplioin- 

For  b  long  time  Lhc  teleocope  and  the  observer's 
eye  were  the  piincipsl  mojuis  of  advancing  sr)lar  in- 
vestigation, but  in  the  lusl  half  century  a  rminher  of 
other  teoB  familiar  in^tnunf-nls  and  physical  priiici- 
1^  hav-o  been  omployeJ,  which  rofiuirc  some  ex- 
{danation. 

Thk  Tklh-wohb 
A  few  wnrds  may  be  said  first  as  to  the  methods  of 
[Bplo>-iug  the  telescope.  The  sun  la  far  too  bright 
I'Tiew  for  any  length  of  time  with  the  naked  eye, 
I  less  with  the  telcjtcope,  unlesB  nieaas  are  uwkI 
8"  reducing  the  brightness.  It  is  said  that  the  Bcl- 
1  |)hytiici«t,  Plateau,  having  I'xtkcti  rtteaiJily  at  the 
1  twenty  seconds  for  the  purpose  of  sturlying  the 
r  imagen  whirh  wuuhl  be  produced,  lost  his  sight 
tently  in  conwN|uenc«. 
^o  B^t  a  rough  general  view  of  the  sim  a  srreen  ix 
k  ttsed  in  the  manner  shown  in  Fig.  6.  The  di»< 
31 
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tance  of  the  screen  from  the  eyepiece  depends 
the  fize  of  the  image  desired  and  the  power  of 
eyepiece.  By  moving  the  eyepiece  to  and  fro  u 
the  draw  tube,  a  sharp  image  is  readily  obtained. 
It  is  well  to  put  a  screen  on  the  front  of  the  tele- 
scope, as  shown  in  the  figure,  to  cut  off  undesired 
light.  For  CarrinKton's  method  of  determining  the 
exact  locBtions  of  sun  spots  on  the  disk,  see  Monthly 


^ 


Notices  of  the  liuyal  Anlronuiiiical  Sodely,  vol.  xiv, 
p.  153. 

Observations  of  the  finer  details  of  the  sun  canno^j 
be  made  with  a  screen,  and  there  are  several  wa; 
of  protecting  the  eye  for  direct  telescopic  vision. 
This  may  be  done  by  reducing  the  aperture  of  the 
telescope  objective  with  a  suitable  diaphragm  and 
placing  a  dark  glass  in  front  of  the  eyepiece,  but 
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Itt  cost  of  definition  if  the  (Uaphragni  in  too  small 
the  sliade  ^laft.<«  not  perfect.  A  reflenting  t«le- 
pe,  if  it*  object  mirror  is  left  uusilvered,  may  re- 
quire only  a  shade  glass  for  visual  work  with  the  sun ; 
and,  on  the  other  hand,  the  objective  lens  of  a  re- 
fractor may  be  thinly  silvered  to  cut  down  the  light. 
But  both  theM>  expedients  unfit  the  telescope  for 
other  purposes.  There  are  several  special  solar 
eyepieces  which  have 
been  devitied.  Fig.  7 
riiows  Sir  John  Her- 
Vflbel'^.  The  liKht  en- 
itorinK  at  0  encounters  a 
prism  of  glarm  whose  first 
flurface  in  place<l  at  an 
angle  of  '15°.  More  than 
^H0  per  cent  of  the  light 
^^MWK  through  the  pri"!!! 
and    goes   out    thnniich 

the  open  end  of  the  tulx;,  while  the  reflected  light 
goes  up  through  the  eyepiece  AB.  A  shade  glas.s  is 
stOl  Deeencary,  but  need  not  lie  very  dark.  It  is 
advuttageous  to  employ  a  long  thin  wedge  of  dark 
^am»  ("London  Smoke,"  for  instance)  rompen-nated 
by  a  corresponrling  we<lge  of  ordinary  glu-sx,  as 
riiown  in  Fig.  8. 

With  this  arrangement  the  imagt^  is  undistorted, 
unrolored,  and  may  be  made  of  exactly  the  proper 
brightnew  for  olwen'ing.  The  polarizing  eyepiecei* 
on  the  general  plan  Khown  in  Fig.  0  are  more  con- 
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vcnient,  but  also  more  expensive.     The  light  is  I 

diiced   merely   l)y  rotating    the    upper  case  in    its 

■^^^^^^^B^^^^^^^^^B  bearing  in  the 
lower.  The  imo^ 
is  seen  in  its 
proper  color  and 
without  being 
either  inverted 
or  re\'Grsed  from 
right  to  left 
by  the  eyepiece. 

When  very  small  objects  are  being  examined,  it^is 

sometimes  advantageous  to  use  Dawes's  device  of 

limiting  the    field  of   view   by  means  of  a  ininutti 

iliaphragm    made    I)y 

piercing  a  card  or  plate 

of  ivory  with    a   hot 

needle. 

For       photographic 

work      the      extreme 

brightness  of  the  sun 

is    advantageous     in- 
stead of  troublesome, 

because  it  enables  the 

observer     to     employ 

slow  plates  which  have 

much  finer  grain  than 

rapid  ones,  and  also  to 

cut  down  the  exposure 

time,  which  is  an  irn- 
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pnrtant  eain.  mux'  it  is  Tuvoruhlo  to  making  com- 
plel*  exposures  iluriiifi;  the  n<^ca;<innal  instniit"  of 
except  iuiuiUy  good  atiiiuf:pheri<'  conditions  wliirli 
favor  t*ui)erior  optical  detinltinii  or  "gi)o<i  seeing." 
As  at]  Kolar  oliwrvers  know,  the  atmosphpric  effect 
mllol  "botliiiK"  irt  generally  mueh  wonie  in  the  day- 
time than  in  the  night,  and  undoubtedly  hwau.-*** 
the  powerful  beating  of  the  surfaoe  of  the  ground 
by  the  solar  rays 
pauses  rbing  air 
currents  of  un- 
equal dcni^ity, 
wliich  drift  hither 
and  thither  acroii« 
the  line  of  aght. 
Pbotograpbx  oft  he 
sun  uv  uwiaJly  ex- 
potted  by  means  of 
A  ididing  shutter 
nmilur  in  action  to 
the  form  shown  in  Fig.  10.  H  is  a  catch  which 
mny  be  releif*!!  by  tlie  electromagnet,  or  by  hand, 
thus  allowing  the  spring  S  to  draw  the  slide  con- 
taining the  .itit  A  swiftly  across  the  oix-niiig  O, 
throu^  which  the  rays  enter  the  camera.  Tlic  ex- 
ponire  ifl  proportional  (o  the  width  of  the  sUt 
A,  and  is  governed  by  the  tension  of  the  spring  8. 
1     .      I 


Kxpomtrea  of 


5000  *"  100 


-  of  a  second  are  requirwl 


according  to  circiunstancen.    The  edges  of  the  sun's 


THfc 


^/|«^1/  wMl  i/i  ^  |Mirt>!f  sfi  the  Hune  pietnre. 

li  ifi  iAutii  40^niA^  Ui  lu^nr  tbe  orienuuion  of  die 
«y/(iif  iifmifft.  V^fT  i\$U  pnrpftmf:  a  cord  or  wire  mmy 
1/^  kir^tti^i  eUma  Up  tbie  {date,  in  some  known 
\ptm\iU9U,  M  yprmfttUdf  or  parallel  to  the  sun's 
ilrHi,  iff  VitriUtnl,  atul  Mm  shadow  on  the  image  will 
mrwt\  tm  a  \mm  (A  c^>mputation.  Sometimes  in  an 
opiii^iil  ^ynU^tn  c^intairiing  reflectors  it  is  desired 
Ui  k\um  what  (lariK  of  the  solar  image  correspond  to 
^mi  liiid  w^tHt  in  the  sky.  This  may  always  be 
ilitii^rfniiMifl  with  ««iHi!  and  ccrtauity  by  stopping  the 
|.MlMM<*n|N<  motion  and  lotiinK  the  sun's  image  drift; 
for  IIm<  lulviUKUng  odgnor  'Minib"  of  the  image  must 
Hlwityh  rorn^Hpond  U>  th«  wost  odge  or  'Mimb**  of  the 
Nun  in  I  Im«  hky.  'I'lu^  data  for  computing  the  position 
of  (liti  hunV  (Mprntor  aro  pubHshed  annually  in  the 
pwniplilot    rallod    Thv    Comimnion   to   the   Observa- 
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Nbwl  nuulorn  apparatus  for  si>hvr  research  is  of  a 
oon\plo\  autl  utHHv^simly  bulky  nature,  so  that  it  is 
\\\^\\\\  inoiuwoniont  to  move  it»  AiHH>nlingh\  a  fixed 
t^v^im  \^f  suuliisht  is  ahm^t  a  ntHVssity,  There  are 
M^\  vval  kiu\ls  \xf  ins! rumonts  (v>r  relkx^iing  the  light  of 
lu\^\t^ut>  Unlit^  iu  »  fi\t\l  dirvvtion.  oalleil  heliostats 
\\*^  Mvl^^w^iAts;  bwt  ihes^^  all  rv^ato  the  imag^  of  t: 
h^\*\t^n^^v  v^lvt\*t  it'  iux  uu:^y  is  tomu^i.     This  is  usu- 
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^^Be  vcr>'  f^iniple  iiiBtruniciit  for  the  purpose,  called  the 
^fboMtat,  which  tlocn  not  rotat«>  thr  image.  In  it'< 
^^hnplwt  form  the  ooilostut  is  a  siiigle  pluiie  mirror 
mounlcd  on  an  axis  parallel  to  the  axis  of  the  earth, 
uk)  rotated  by  cloekwork  at  the  rate  of  one  complete 
nilatiun  in  forty-eight  hours.  In  thi-H  form  the  sun's 
br&m  in  reflected  in  a  different  direction  at  different 
times  of  the  year,  aecording  to  the  position  of  the  sun 
north  or  south  of  the  eele»<tial  equator.  Even  in  a 
ftingle  (lay  the  mirror  caimot  bo  used  to  throw  a  hori- 
lontol  beam  in  any  desired  direction,  but  only  in  two, 
nearly  cast  and  weist  respectively,  the  firat  favorable 
for  morning  hour?,  the  other  for  afternoon  hours. 
Theae  limitation!)  are  overcome  by  the  introduction 
of  a  iieoond  plane  mirror,  wouth  of  and  above  the  level 
of  the  first,  on  which  the  beam  is  first  reflecte<l,  and 
fnim  which  it  can  be  sent  in  any  desired  direction, 
but  preferably  (for  the  northern  heml'*phere)  townrd-s 
the  north.  It  in  necessary  to  provide  longitudinal 
and  cross  motions  for  one  or  the  other  of  the  mirrors, 
to  accommodate  the  change  in  declination  of  the  sun 
at  different  times  of  the  year.  Plate  I  shows  the 
fifteen-inrh  ccelostat  of  the  Smithsonian  A-strophysi- 
cal  Obmervalory  al  Mount  Wilson,  Cal.  Tlie  fin«t 
or  rotating  mirror  is  provided  with  means  of  moving 
it  on  traelw  both  eant  and  west,  and  also  north  and 
iiouth.  The  ftecond  or  fixed  mirror  reflects  the  l>eam 
boriaontaliy  northward  to  the  spectroscope  within 
the  obMTvotory. 


The  Spbctri'm  and  what  it  Indicates 
Since  ICirchhoPf  ant!  Bunsen's  great  (Useovery  of 
spectrum  aiiaK'rtie  in  1859,  the  spectroscope  has  be- 
come more  and  more  indispensable  to  progress  in 
solar  research,  so  tliat  now  the  greater  portion  of  our 
knowledge  of  the  sun  is  due  to  this  instrument.  White 
light  is  not  a  Riinple  but  a  composite  thing,  containing 
potentially  all  the  different  colons  familiar  to  the  eye, 
and  still  other  raj's  wliich  the  eye  sees  not  at  all.  As 
we  shall  describe,  ligiit  can  be  analyzed  so  as  to  pre- 
sent to  the  eye  the  colors,  and  this  presentation  is 
usually  in  the  form  of  a  long  ribbon  of  color  gradation. 
When  light  is  thus  analyzed  to  show  the  colors  which 
are  potentially  in  it,  the  spectrum  is  said  to  be  pro- 
duced. 

If  sunlight  is  resol^'etl  into  a  spectrum,  under  good 
conditions  we  see  a  ribbon  of  light  shading  gradually 
from  dull  red  through  brighter  and  brighter  hues  to 
orange,  then  yellow,  next  green,  then  blue,  indigo  and 
violet.  If  we  had  eyes  of  unlimited  capacity  we . 
should  see  beyond  the  violet  still  other  rays,  and 
beyond  the  red  yet  others,  also.  We  can  detect 
such  invisible  rays  by  the  heat  they  produce  or  by 
photography,  but  just  as  the  ear  cannot  hear  sounds 
above  a  certain  pitch,  or  below  a  certain  other  pitch, 
the  eye  is  limited  as  to  its  recognition  of  radiation.. 
Rays  lying  beyond  the  violet  end  of  the  visible  spec- 
trum are  called  "ultra-violet"  and  those  beyond 
the  red  are  called  "infra-red,"  In  the  visible  spec- 
38 
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^^Bm^^w  ahuiine  is  not  perfectly  continuous,  { 
^l^^^by  br  Kccn  almost  innumerable  vacancies  of 
ONO^^t'  dark  line**  crossing  the  colored  ribbon  at 
rij^t  antics.  These  dark  lines  are  called,  after  the 
name  of  their  discoverer,  Fraunhofer  lines.  It  is 
their  pr(«enre,  and  not  the  t>eautiful  colore,  which 
hu  been  the  tneaiu*  of  teaehiiig  ua  timny  tliirtfp^  about 
the  mil  and  starw  which  would  have  seemed  to  the 
contemporaries  of  the  Herscheb  to  be  beyond  the 
posdbilities  of  future  discovery. 

The  cause  of  tlie  dark  lines  of  the  spectrum  was 
unknown  until  Kirchhoff  and  Bum^en's  researches, 
about  IS50,  showed  that  they  correspond  in  position 
to  certain  bright  lines  which  form  the  spectra  of  me- 
tallic vapors.  For  example,  if  metallic  8odiuni,  or 
any  of  its  compoimds  tike  common  table  salt,  is 
tlinwt  into  an  alcohoI-Iamp  flame,  the  sjieclrum  of 
the  flame  .shows  two  brilliant  yellow  lines  which  agree 
in  place  with  two  pn>mineut.  dark  linos  in  the  yellow 
part  of  the  solar  spectrum.  Not  only  so,  but  if  an 
inoaodescent  oxy-hydrogen  calcium  light,  whose  nat^ 
ural  spectrum  shows  neither  bright  nor  dark  lines  in 
tbe  yellow  at  these  places,  U  caused  to  shine  through 
an  aloobol-Iomp  flame  charged  with  sodium  vapor  and 
placed  before  the  spectro.-«copc,  the  two  dark  lines 
like  tboM  in  the  solar  sfMH-trum  will  api)ear  instead  of 
the  two  briglit  lines  uf  the  sodium-charged  flame  it- 
self. Other  chemical  elements,  also,  when  heated  to 
vaporization,  oxuit  bright  spectrum  lines,  and  the 
vapors  of  these  elements,  if  placed  in  a  beam  of  whit« 
5  3ft 
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light,  absorb  the  rays  they  themselves  emit.  If  their 
own  emission  is  mirre  intense  than  the  emission  they 
absorb  from  such  a  transmitted  beam,  the  effect  will 
be  brigliier  lines  in  a  continuously  bright  spectrum. 
If  their  own  emission  is  kss  inteiLse  than  the  emission 
they  absorb,  the  resulting  spectrum  will  be  crossed 
by  (kirk  lines.  The  former  effect  occurs  in  the  spi 
tra  of  certain  stars,  the  latter  in  that  of  the  sun, 
the  emission  of  a  vapor  falls  off  rapidly  as  the  temper- 
ature falls,  it  is  natural  to  suppose  as  the  cause  of  the 
sun's  characteristic  dark  spectrum  lines  that  the 
metalUc  vapors  of  the  sun's  outer  layers,  since  they' 
are  free  to  loose  heat  to  space,  continue  cooler  thi 
the  sun's  inner  layers,  and  hence  cannot,  by  their  owu^ 
emission,  fully  compensate  and  supply  the  place 
the  rays  they  absorb. 

In  Fig.  1  of  Plate  IV  a  part  of  the  spectrum  of  the 
star  Procyon  is  shown,  with  comparison  spectra  of 
iron  above  and  below  it.  The  stellar  spectnim  shows 
numerous  dark  lines  for  the  reasons  indicated  above; 
and  many  of  these  correspond  closely  in  position  and 
relative  importance  (or  intensity,  as  it  is  called)  to 
bright  lines  in  the  iron  spectrum.  For  a  reason  to  be 
explained  below,  the  stellar  lines  are  all  shifted  a  little 
towards  the  violet  with  respect  to  the  comparison 
spectrum,  but  it  is  evident  that  iron  has  left  its  sign 
in  the  star's  spectrum  as  well  as  in  that  of  the  electric 
spark. 

First  of  all,  then,  the  dark  lines  of  the  solar  and 
stellar  spectra  show  what  chemical  elements  are 
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tut  in  the  sun  and  stars.  By  comparing  the  solar 
q>ectrum  with  bright  Uiir  spectra  of  pure  uictals  pro- 
duced in  the  Uborator>'.  it  has  been  shown  that 
neariy  all  of  the  elements  found  in  the  sun  are  also 
preaent  io  the  earth.  In  the  second  place  the  lines 
of  the  aolar  spectrum  nerve  an  reference  marks  to  en- 
able u«  to  rocognizc  the  effect  of  certain  inf1uf>nco.-(  in 
the  sun,  such  as  varying  d^ree^i  of  temperature,  of 
veloeity,  of  proasure,  and  of  magnetiiim. 

.\g  regards  temperature:  A  dark  spectrum  line 
(BDerally  indicatea  a  cooler  vapor  in  front  of  a  hotter 
aouree.  and  a  bright  line  that  no  hotter  wource  lies 
behind.  Furthermore,  many  elcmonti*  tsive  in  tlic 
talioratory  a  larjce  nunilier  of  briicht  lines  whoiw 
relative  intensities  dilTer  according  to  the  toniperu- 
ture  of  the  Bource.  Similar  differences  of  intensity 
among  the  Unet*  of  a  given  element,  ok  found  in  (hu 
Dolar  tfpectnun,  ^ve  a  ba»is  for  eMimaliug  differ- 
enen  c^  temperature  there,  uh,  for  instance,  between 
a  Bun  spot  and  the  photosphere. 

A»  regards  velocity:  We  have  noted  the  Dop- 
pler  effect  already  in  speaking  of  methods  of  meas- 
uring the  min's  distance.  It  depends  on  the  fact 
that  tight  travels  by  waves.  Those  waves  whii:h 
are  vitdble  to  the  eye,  differ  in  length  from  O.OOtH 
millimeter  (0.4  />)  to  0.0007  millimeter  (0.7  /i),  cor- 
raqnnding  to  \'iolct  and  dull  red  respectively. 
The  time  period  of  a  complete  vibration  of  a  wave  of 
^-inlet  light  is  given  by  the  ratio  of  its  lensth  (.(KHU 
milUmcter)  to  the  velocity  of  light  (300,000,tKK),(X)0 
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milUraeterspersecond),  Hence,  750,000,000,000,000 
waves  of  violet  light  are  emitted  from  all  parts  of 
the  sun's  surfaoc  each  second,'  Doppler's  principle 
is  as  follows ;  If  a  star  is  approaching  the  earth  with 
a  velocity  v,  the  effect  is  to  shorten  the  length  of  each 
wave  of  light  reaching  the  earth  by  an  amount  rt, 
where  t  is  the  period  of  vibration  of  the  wave.  If 
V  is  the  velocity  of  light  and  \  the  original  wave- 
length, \  =  Vt.  Suppose  the  apparent  wave- 
length to  be  X,,  then  X,  =  (V-  v)t.    Hence,  {>-  X,) 


•  vt  - 


X. 


If  the  lines  of  a  spectrum  are  displaced  towards  the 
violet  by  amounts  which  are  less  at  the  violet  end 
of  the  spectrum  than  at  the  red  in  the  ratio  of  the 
wave  lengths,  this  may  be  an  indication  that  the 
source  of  light  is  approaching  the  earth.  By  com- 
paring the  positions  of  the  spectrum  lines  at  different 
parts  of  the  edge  of  the  sun's  disk,  it  ha.s  become  pos- 
sible to  measure  the  rate  of  rotation  of  the  sun  for 
all  solar  latitudes.  Similar  studies  of  the  shifting 
of  lines  in  the  spectra  of  the  stars  in  all  parts  of  the 
heavens  indicates  towards  which  of  the  stars  the 
solar  system  is  approaching  in  its  motion  through 
space.  In  Fig,  1  of  Plate  IV  the  dark  stellar  iron 
lines  show  a  displacement  towards  the  violet  as  com- 
pared with  the  bright  iron  companion  lines  and  thus 
we  find  that  Proeyon  was  approaching  the  earth  at 
the  time  when  the  obser\'ation  was  made.  In  Fig. 
For  additional  remarks  on  this  Bubject,  see  Cbapter  VII. 
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■  Plutc  IV  i»  shown  a  pair  of  superposed  solar 
rtra  fwm  the  eastern  and  western  edges  of  the 
[|  great  oxygt'U  band  eallid  B  given  rise  to 
I  lines  in  this  itpertral  region,  and  as  these 
Mtrial,  not  lular,  tliey  are  not  displaeed 
>  spectra.  But  aii\  the  solar  line^  show  a 
riiftpUcement,  due  to  the  fart  that  one  edge  of  the 
mm  is  approaching,  the  other  reeeding. 

An  peitards  pressure:  The  experiments  of  Hum- 
phrey*. Mohler  anil  Jewell  first  showeil  that  the 
spectnini  linen  of  different  elements  are  shifted 
towarda  the  ptxl  by  varying  amoiint-s.  if  the  pressure 
of  the  furroundiDp*  of  the  iwurcc  is  incri-a.-*cd.  These 
preamre  eiuft»  are  usually  very  minute,  and  they 
follow  a  difTereiit  law  from  shifts  due  i^  velocity. 
Thux  the  examination  of  the  wilar  Miwctrum  ean 
indicate  the  range  of  pressure  under  which  its 
ah(ti>rptiun  Una*  were  pnRlueed. 

An  rttfCBrdft  maRnetism:  It  was  first  -shown  by 
Z«einan  that  a  powerful  niagnetie  field  may  split 
ma  ordiiuir>'  single  spectrum  hue  into  several  eom- 
ponentK,  difTcring  in  the  character  of  the  polar- 
isation of  their  light  waven.  The  [wlarl-wopic  ex- 
omintttton  nf  double,  or  triple,  or  merely  widened 
vpectrum  lines  may  yield  evidence  a»  to  the  mag- 
iwtism  in  the  sun.  It  i^  from  such  study  that  Hale 
has  diiwovered  the  existence  of  mafnictie  fields  in 
sun  ^K)ts.  In  mwt  cases  the  lines  appear  .separateil 
into  two  componeiil(4  whim  viewed  alonji  the  lines 
i)f  fiirce  of  the  niagnotir  field,  and  into  three  com- 
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ponents  when  viewed  at  right  angles  to  the  lines  of 
force;  but  sometimes  four,  or  six,  or  even  more  lines 
are  seen.  In  the  simpler  cases,  first  mentioned,  the 
doublet  seen  longitudinally  consists  of  two  circularly 
polarized  rays,  one  polarized  left-,  the  other  right- 
handed.  The  triplet  seen  transversely  consists  of 
three  plane-polarized  rays,  of  which  the  central  one 
occupies  the  same  position  as  the  line  seen  in  the 
absence  of  a  magnetic  field,  and  the  two  side  rays 
occupy  the  same  positions  as  the  two  lines  seen 
longitudinally.  The  plane  of  polarization  of  the 
central  component  is  at  right  angles  to  that  of  the 
two  side  components.  Hence,  the  central  compo- 
neut  may  be  extinguished  by  inteiposing  a  Nicol 
prism  in  a  certain  position,  while  the  two  side  com- 
ponents may  be  extiugui.shed  and  the  central  one 
again  seen  when  the  Nicol  is  rotated  90°.  In  the 
case  of  the  doublet  seen  longitudinally,  the  two  rays 
may  be  transformed  into  i)lane-polarized  light  by 
introducing  a  Fresnel  rhomb.  ,\fter  this  they  may 
be  extinguished  alternately  by  a  Nicol  prism  rotated 
90°  at  a  time.  In  Plate  II,  Fig.  1  shows  a  part  of  the 
ultra-violet  spark  spectrum  of  iron  viewed  trans- 
versely to  the  lines  of  force  of  a  magnetic  field.  Figs. 
2  and  3  show  the  effects  of  interposing  the  Nicol 
prism  in  two  positions.  Fig.  1  appears  exactly  the 
same  as  the  spectrum  would  if  seen  along  the  Unes 
of  force  without  the  Nicol  prism,  although,  in  fact, 
the  polarination  is  not  the  same.  Most  of  the  lines 
in  this  spectral  region  ai-e  of  the  ordinary  type,  buti 
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OOP  in  luiaiTectcd,  while  some  are  very  complex, 
even  has  twelve  pomponpnts;  but  this  will  probably 
ipt  Ijc  tlisferiiftd  in  the  spectrum  as  reproduced. 

I  .itrawB  which  hHow  the  way  the  wind 
■  Ihe  hifiroglyphics  which  hold  the  history 
tinie.1,  the  lines  of  the  spectrum  yield  t^) 
tg.  minute  exjuiiinat  ion  a  wealth  of  knowl- 
Jly  unthoiight  of  by  the  careless,  and.  at 
|^ftnc<>,  unknowable.  Hardly  anything  in 
B  is  more  wonderful  than  the  extent  of  knowl- 
edge of  the  heavenly  bodies,  uitualed  niilUuns, 
IhIUoqx,  and  trillions  of  Diiles  away,  which  has  been 
■cquinxl  through  the  ^pectnitn. 

^  In  common  practice  two  very  difTcrent  piw-as  of 
A(tparalUf«  are  employed  to  produce  the  Rpectrum, 
iianiely  the  priwn  and  the  f^ratitiK;  hut  a  device  con- 
taining either  one  of  these,  in  suitable  combina- 
tion with  \tB  adjuncts  needeti  to  prwluce  a  spectnim, 
ifl  cuUi'd  a  upcctroftcope.  To  miderxtand  something 
of  the  action  of  the  prism  it  is  needful  to  know  that 
light  traveU  with  different  vclocitieM  in  different 
sulMt&nre^,  and  that  in  general  the  different -colored 
lights  travel  with  different  velocities  in  the  sarao 
mrdiutn.  In  a  vacuum  all  kinds  of  light  travel  with 
«iual  velocity,  and  in  mont  gasm.  at  ordinary 
pmBUTDt,  there  is  lit  tic  difforpuce  for  the  different 
wjlors,  hut  with  transparent  liijuids  and  solid«  the 
diffcrcuce  is  very  comtiderablc,  m  i»  shown  in  the 
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following  little  table.    The  oumbers  &ve  the  vali 
of  the  ratio 

velocity  of  liij^t  in  vacuo 
velocity  of  light  in  medium' 

Tahlh  U.^VeUieUy  af  light  in  inicuo.  atid  iU  ration  to 
liUhl  (»  differerU  media. 


Im^ 


Colo 

Violet 

Blue 

Green 

YeUow 

Wnvc  length' 

4,200 

4,800 

3,400 

.■>,900 

6,500 

Vplodty    in    viwTU- 

2on,s«o 

299,800 

299,860 

290,860 

299,860 

! 

Air  nt  utniM- 
plicric  pn*- 
lUPP 

1.0at2»T 

I  00029') 

I.00U2IH 

I  000293 

1.000292 

k 

WSUT    ,       . 

1  342() 

1  3381 

1  3354 

1  Mm 

1.3320 

fi 

AvPTigp-    fllnl 

Rl».    ... 

VMUm        bl- 

1  o-'teii 

1.8238 

1  oi:.r 

1  6108 

1.6066 

1 

l.nR36 

1.B553 

1  6374 

I  6273 

1.6188 

Diwnon-I 

3  «70 

J  437:i 

;;  4242 

>  4170 

2  4108 

In  consequence  of  the  difference  of  velocity  of  light 
in  different  media,  a  beam  of  light  of  a  single  color  is 
bent  when  it  cnv^ses  obliquely  the  boundarj'  between 
two  me<Ua.  This  is  ilhistrated  in  the  accompanj-ing 
diagnun,  F^.  1 1 .  The  reader  must  assume,  what  is 
f^own  by  the  methods  of  ph,\-sica]  optics,  that  the 
direction  of  propagation  of  %ht  al  each  instant  is  at 


'  Tfce  utii)  <rf  *»\if  length  is  thf  Ang^rvitn.  which  i 
biltinnUi  €J  it  mMiw. 
'  TV  anit  <»f  vtiodty  ia  the  Idlomet**  p««  aecaaA. 
4« 
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riRht  anglcri  to  the  light  front.  A  beam  of  light, 
which  at  a  rprtain  instant  presents  the  front  ac,  Iwgias 
to  enter  a  dciiKer  tnediuin  at  c.  In  consequence  of  the 
lea  vdocity  in  the  denser  medium  the  light  from  c 
moves  only  to  c,, 
while  that  from  a 
Dtoves  to  a,,  no  that 
the  loww  portion  of 
the  tiglit  front  is 
thereby  turned  to  the 
jiirection  b^c^.  Suc- 
A'c    positioiw   of 


Hean 


light  front  are  ?hown  at  aife|C|,  n^b^i,  el  c^'tera. 
Snppone  that  the  crow  section  of  the  denier  medium 
is  triangular  in  Khapc,  »o  (hat  the  light  fmm  a,  I)eginH 
to  proceed  more  rapirlly  while  that  at  c^  is  Htill  being 
retarded.  Thin  state  of  affairs  is  that  of  the  prism  of 
the  UMial  form,  and  the  light  fn>nt  fiiutlly  emcrgcM  at 
AtC-,  proceeding  in  a  (iifferent  direction  from  that 
which  it  had  at  first.  The  difference  of  direction  de- 
pendt  on  the  fractional  difference  of  veJocity  of  the 
ray  in  the  two  media.  Since  this  is  greater  for  violet 
light  than  for  red,  a  beam  of  light  containing  both 
colon  will  be  split  up  by  such  an  instrument ,  and  the 
XTolet  part  will  be  mon.'  Ix'nl  or  deviattn!  from  its 
orijtinal  direction  than  the  red.  Such  action  of  the 
pri«n  18  mxd  to  be  "refraction,"  the  difference  in 
direction  between  the  entering  and  emei^ng  beams 
IK  the  "de\iation."  and  the  difference  of  direction 
between  the  different  colon*  a.**  they  emerge  is  rollwl 
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"dispersion."  The  angle  CcA  between  the  entering" 
ray  and  the  line  perpendicular  to  the  face  of  tlie  prism 
is  called  the  angle  of  incidence,  and  the  angle  r-^cB  the 
angle  of  refraction.  A  principal  law  of  refraction  is 
this:  The  sine  of  the  angle  of  incidence  divided  by 
the  sine  of  the  angle  of  refraction  is  constant  for  a  ray 
of  a  single  color  entering  a  given  substance,  whatever 
the  angle  at  which  it  enters.  Calling  i  the  angle  of 
incidence,  r  the  angle  of  refraction,  and  n  the  coin  J 
stant,  or  index  of  refraction:  ■ 

sin  i  i 

n  =  —. — . 
mnr 

The  value  of  the  index  of  refraction  is,  therefore,  a 
matter  of  much  importance  for  calculation,  and  it  is 
still  more  interesting  because  it  is  also  the  ratio  of  the 
velocities  of  the  Ught  in  the  two  media  concerned. 
For  yellow  light  and  for  ordinary  telescope  flint  glass 
and  air  as  the  two  media,  the  refractive  index  is  about 
1.61  (see  Table  II). 

It  follows  mathematically  from  the  law  just  stated, 
that  for  a  given  prism  and  a  given  color  of  light  the 
deviation  can  never  fall  below  a  certain  minimum 
value,  whatever  the  angle  of  incidence,  ThLs  small- 
est angle  of  deviation  is  called  the  angle  of  minimum 
deviation,  and  is  secured  when  the  angle  of  incidence 
is  equal  to  the  angle  of  emergence.  For  this  position 
of  the  prism  the  following  relation  holds,  if  we  desig- 
nate the  angles  of  incidence  and  deviation  as  i  and 
D,  and  the  angle  at  the  apex  of  the  prism  as  A  : 
D=2i~  A. 
48 
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In  thi'  m*  ')f  prtKoiatic  siiectroecopt's  it  is  |i;i^nerA]ly 
■ferahle  that  the  raj's  of  light  r^mposiiig  the  beam 
II  bf  parallel  to  one  another  as  they  onter  the 
.,  and  that  the  prism  shall  be  set  fur  minimum 
nation.     The  iKUun  which  emerRcs  when  white 
111  pa»>cs  the  prism  under  these  circumstances  con- 
\tii  of  a  mixtun'  nf  bumltcrt  i)f  parallel  rays  of  light  of 
'erent  colors,  with  the  neighboring  shadeK  difTering 
by  olnmst  imperreptible  ini^Unations  one  from  an- 
other in  their  paths  of  emergence.     It  is  mvf;«ary  to 
bring  Ihem  to  fociis  by  means  of  a  lens  or  mirror  if 
they  are  to  l>e  sliarjily  separated.     If  the  light  comes 
orifciiialty  fmm  a  HtAr  the  rays  will  he  prnrtically  par* 
allel  without  alteration;   but  if  they  eorne  from  the 
inin  they  ronverge  fmiu  opiHwitc  sidfw  of  the  solar 
disk  with  an  angle  of  over  :iO'  of  arc.     For  solar  work, 
thpfeforp,  and  often  for  utt'llar  work,  also,  two  other 
adjuncts  to  the  prism  are  used.     The  first  is  a  narrow 
it  between  sharp  metal  jaws  parallel  to  the  line  of 
ilersection  of  the  prism  faren,  and  the  second  iit  a 
*  or  mirror  placed  at  such  a  distance  as  to  render 
rayH  which  diverge  from  the  slit  parallel.    A  1gi» 
mirror  serving  the  latt^-r  purpose  is  calle<I  a 
llimator,  and  the  {cits  or  mirntr  which  focuMctt  the 
trum  is  called  the  objective,  or  image-forming 
This  arrangement  is  indicated  in  Fig.  12. 
With  roo«t  priwn;*  the  violet  part  of  the  ttportnun  is 
much  more  ejrtended  than  the  red,  owing  t-o  the  more 
rapid  proportional  variation  of  the  vel<K-ity  of  light  in 
glaas  at  the  violet  end  of  the  spec-l  rum. 
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The  grating,  as  a  means  of  dispersing  light,  de- 
pends on  the  phenomenon  called  interference.  Light, 
like  sound,  is  propagated  by  wave  motions.  If  a 
tuning  fork  be  set  in  vibration  and  slowly  rotated 
while  held  in  the  hand  at  some  distance  from  the  ear, 
the  sound  will  be  found  to  wax  and  wane  in  loudness. 


I 


although  the  fork  continues  to  vibrate  steadily, 
position  of  faint  sound  ocpurs  because  the  vibration 
of  air  excited  by  one  prong  of  the  fork  reaches  the  ear 
so  much  later  than  that  excited  by  the  other  that, 
while  one  wave  is  in  what  corresponds  to  a  crest,  the 
other  is  in  what  corresponds  to  a  trough.  At  all 
parts  of  the  waves  their  effects  are  similarly  opposed, 
and  the  result,  if  the  waves  are  equal  in  strength,  is 
silence. 

With  light  a  similar  thing  may  occur.  From  two 
slits,  a,  and  a^  (Fig.  131,  imagine  light  of  a  single 
color  to  proceed  in  all  directions.  Then  at  fc,,  63,  etc., 
the  waves  may  be  supposed  to  arrive  in  opposition, 
and  thus  to  produce  darkness,  while  at  c,,  Cj,  C3, 
etc.,  there  is  light.     From  a  great  number  of  other 
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,  Ptc,  placed  in  a  plane,  and  equally 
^  the  direvUoiui  of  lif;ht  and  darkness  will  be 
',  so  that  if  a  piece  of  plane  glass  is  coated 
ith  silver,  and  the  silver  coat  is  scratched  oflf 
Ka  smeN  of  parallel  and  equidistant  lines,  a  bundle 
of  rajfi  of  liKbt  pamnj;  through  the  ^lit^  will  some 
of  them  proceed  parallel  to  the  direction  AB,  while 
the  othero  will  be  deviated,  or  diffracted,  a»  it  is 
colled,  ID  various  definite  directions  on  either  side  of 
the  central  beam.    These  directions  depend  upuD  the 

Ien'al  between  successive  rulings,  and  on  the  length 
the  wave  of  tJic  given  color  of  light.     The  devia- 
ns  are  less  for  violet  light  than  for  the  rod,  which 
tfkows  that  the  length  of  wave  is  less  for  violet  rays. 
Such  a  grating,  as  has  just  l)eeri  mentioned,  is 
Ited  a  traasniission  grating,  but  it  is  more  common 
nploy  a  reflecting  grating.     A  carefully  ground 
I  policed  surface  of  speculum  metal  is  ttcralehcd 
I)  a  diamond  point  in  parallel  niHngs  very  cliwe  to- 
,  not  uncommonly  as*  many  a**  20,000  to  the 
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inch.  One  may  suppose  that  with  such  close  ruling,, 
the  spaces  between  the  ruled  scratches  are  probably, 
like  the  rough  ridges  turned  up  by  a  plow,  and,  aa 
they  would  reflect  but  weakly,  they  may  be  assumed; 
to  correspond  to  the  opaque  parts  of  the  transmission 
grating,  while  the  smooth  sides  of  the  scratches  act  aa 
bright  sources  of  light.  To  the  late  Prof.  Henry  A. 
Rowland,  of  Baltimore,  is  due  the  principal  share 
of  the  credit  for  the  great  advance  in  knowledge  of  the 
solar  spectrum,  and  of  that  of  the  spectra  of  vaporized 
substances,  which  has  come  in  the  last  twenty-five 
years;  for  he  it  was  who  designed  the  perfected  screw, 
and  thereby  was  enabled  to  construct  hitherto  un- 
equaled  ruhng  machines.  Rowland  gratings,  having 
a  total  of  as  many  as  60,000  lines  or  more,  each  two 
or  three  inches  long,  are  in  nearly  every  large  labo- 
ratory and  observatory  of  the  world.  Not  only  did 
he  thus  promote  the  work  of  others,  but  his  own  em- 
ployment of  his  gratings  has  left  some  branches  t^., 
solar  spectroscopy  at  the  furthest  forward  mark  th( 
have  yet  reached. 

Diffraction  gratings  may  be  ruled  on  flat  surfaces 
and  used  with  a  colhmator  and  objective  like  a  prism, 
but  many  of  them  are  ruled  on  concave  surfaces,  and 
are  used,  after  a  design  of  Rowland,  without  collima- 
tor or  objective.  Thus,  we  have  the  plane  grating: 
and  the  concave  grating  spectroscopes.  The  arrange^l 
ment  of  the  former  is  shown  in  Fig,  14,  Frequently^ 
however,  the  collimator  is  used  also  as  the  image-*' 
forming  lens.  Such  an  arrangement  is  called  the. 
52 
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littrow  fomi  of  si>oetroscope.  It  may  l>e  employwJ 
oImi,  for  prismatir  instrumentw  if  a  plane  mirror  is  in- 
troduced to  return  the  beam  tlirough  the  prism.  It 
li  ii«N9«ary  to  ti])  the  grating  or  mirror  a  little  so 
tlutt  the  Rpectnim  is  formed  above  or  below  the  slit. 

Fir.  15  shows  the  concave  grating  arrangement. 
In  thl*  figure,  S  is  the  slit,  G  the  grating,  and  I  the 

xtrum.     C  is  a  rigid  bar  which  carries  the  grating 


]  the  means  of  observing  the  spectrum.  This  bar, 
ntvd  on  carriages,  A-  and  k',  slides  over  the  trucks, 
R  nmi  R'.  Th«*e  tracks  are  placed  at  right  angles, 
•nth  their  intersection  at  S. 

From  a  white  light  a  grating  spectroscope  produces 
a  Herics  of  spectra  more  and  more  diverging  on  either 
side  of  a  ningic  white  band  in  the  center.  Th&se  spec- 
tm  are  called  first,  second  and  third  order,  et  cetera, 
arcordiag  to  their  divergence.  Only  one  spectrum  can 
be  made  Uiw  of  at  a  time  among  all  this  multitude, 
uid  the  greater  the  number  of  the  order,  the  greater 
the  disporHion  of  the  s|>ectrum.  The  higher  orders 
m-erlap,  »o  that  the  reii  of  one  order  falls  on  the  violet 
vr  noroe  othe-r  color  of  the  next  higher  order.  When  it 
sa 
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is  necessary  to  separate  entirely  one  color  from  the 
other,  it  is  customary  to  interpose  somewhere  in  the 
beam  an  absorbing  screen  which  is  opaque  to  the 
color  not  desired,  but  transparent  to  the  other.  Spec- 


tra of  very  high  orders,  however,  are  hopelessly  mixed 
and  are  practically  white  light.  It  is  seldom  that 
spectra  above  the  fourth  order  are  emploj'ed.  The 
relative  brightness  of  grating  spectra  depends  on  the 
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form  of  the  groovcjt  ruled.     Some  diamond  points 
produce  gratings  very  briglit  in  one  or  two  particular 

JKtra,  and  are  preferred  for  thiH  reason.  The  selec- 
1  of  a  good  diamond  point  is  the  result  usually 
trial  rather  than  of  micnwropic  examination.     .\ 
spectrum  may  be  vm-  bright  for  some  colors  and  not 
for  olliers.     At  best,  a  grating  seldom  throws  a** 
^^much  an  one-tenth  of  the  light  into  one  si>ectruin, 
^^■d,  thercrorc,  in  rmtcarches  where  loss  of  light  is  very 
^^Moufl  a  prium  ']»  often  preferred,  since  it  may  trans- 
mit a*t  much  a^*  eighty-five  per  cent.     In  a  prismatic 
spectrum  the  violet  is  greatly  extended  as  compared 
Bih  the  red,  whlli*  in  a  cnncave  grating  spectrum  the 
tnAtm  hi  a.  linear  function  of  the  wave  length. 
:  in  to  say,  n^ual  distances  along  the  eonrave- 
ting  Bpeetrum  eorresiKind  to  etjual  difTereuecM  of 
;ve  length.    Such  f|)ectra  are  j*aid  to  l>e  "normal." 
ating  spectrum  \s  nearly  nonnal  for  short 

e  lengths  in  the  spectrum,  as  visible  to  the 
flSl^,  -n^  from  about  O.-'ifl/*'  to  O.SO>*.  Beyond  the 
violet  the  «>lar  spectrum  runs  to  a  wave  length  of 
0,20/1,  wltere  it  is  practically  cut  off,  partly  by  the 
ptraitKparpncy  of  our  own  atmosphere  (.partiou- 
llie  nont  ransparency  of  ozone)  and  perhaps 
■ativcly  by  the  opaciucnesM  of  the  solar  envelope. 
ond  the  red  the  solar  s|wctrura  extends  to  a  wave 
»  of  about  20;*,  though  with  several  long  inter- 
or  ibMMuillli  tA  ft  milUnwltt ,  k  dnotad  by  Uw 
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missions  due  to  the  noiitransparency  of  the  atmos- 
phere (especially  of  water  vapor,  carbonic  acid  and 
ozone),  from  which  cause  it  practically  ceases  at 
20/*.  Ordinary  glass  apparatus  ceases  to  be  trans- 
parent at  about  wave  length  0.3o/t  in  the  ultra-violet, 
and  at  about  2,5/i  in  the  infra-red,  but  the  limits 
differ  with  different  kinds  of  glass.  Quartz  apparatus 
is  transparent  to  rays  of  all  wave  lengths  from  less 
than  0.20/t'  to  more  than  4.0m.  Fluorite  is  transparent 
in  the  ultra-violet,  and  in  the  infra-red  its  transpar- 
ency extends  to  about  7.0/*.  Rock-salt  is  also  trans- 
parent in  the  ultra-violet,  and  as  far  as  17/i  in  the 
infra-red.  Silvered  glass  mirrors  reflect  almost  totally 
for  all  rays  of  the  infra-red  and  visible  spectrum,  and 
their  reflecting  power  remains  high  a.s  far  as  wave 
length  0,.33/i  in  the  ultra-violet.  Between  wave 
lengths  0..33/i  and  0.29/*,  the  reflecting  power  of  silver 
does  not  reach  fifteen  per  cent.  Speculum  metal, 
which  is  used  for  gratings,  reflects  much  less  strongly 
than  silver  in  the  visible  spectrum,  but  continues  to 
reflect  forty  per  cent  or  more  to  beyond  wave  length 
0.30/*. 

As  stated  above,  it  is  the  minute  study  of  the  lines 
found  in  spectra  which  yields  many  of  the  most  inter- 
esting results,  and  in  the  solar  spectrum  these  lines 
become  increasingly  numerous  towards  the  violet, 
and  in  the  ultra-violet.     Fortunately,  the  ordinary 

'  Although  solar  rays  of  loHS  wave  length  than  ().29(i  lur  not  found, 
terrestrial  sources  pve  raya  of  iiiqcIi  shorter  wave  lenglha,  even  U) 
0,10)1 
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phnlufrraptuc  plate  in  hiRhly  ftROsitivc  in  Ihis  thickly 
liacd  violet  aiid  ultra-viulet  part  nf  the  spectrum,  and 
at  pnwent  most  spet'triim  investigations  are  made 
pholoKraphically.  There  are  special  photographic 
plates  which  are  senRitive  in  othpr  parts  of  the  spet-- 
tnun.  By  Gaining  ordinary  platos  with  certain  dyes. 
Ihey  may  be  employed  for  re<i  rays,  ami  even  a  lillle 
ind  the  vixiblc  limit  of  tlie  mi  speclrum.     For 

letrum  investigations  far  beyond  the  red.  it  is 
>-  to  UMe  wiuiitivr  heat  meai^uring  apparatus, 
such  an  will  soon  be  described. 

For  some  purposes  it  is  sufTirient  to  allow  the  rays 
of  the  sun  t«  nhine  directly  into  the  spectroBcope, 
hut  ordinarily  it  ii^  necessary  to  confine  the  ob»er~ 
vation-H  to  wlected  area^  of  the  Kun  such  aa  a  nun 
Bpot,  or  to  the  «un's  edRc  or  "limb"  an  distiiiKui.-Jipii 
from  the  center.  To  do  this  the  slit  of  the  si)ec- 
tnwuMipe  munt  Ijc  placed  in  Ihc  fcK-u-s  of  a  lens  or  con- 
cave nurror  which  forms  a  solar  image  of  suitable 
dimenxiuDti  for  the  investigation.  When  the  spec- 
Lpowcopc  is  large,  and  the  work  re(juire«  it  to  be  tnain- 
tainod  at  perfectly  constant  temperature  for  long 
photographic  exposures,  it  iK-ooincw  highly  dtsurable 
to  keep  the  Bpectrowoi>e  fixed  and  to  employ  a 
fxsloMtat  to  reflect  liglil  to  the  lens  or  mirror.  Fig. 
16  shows  the  new  150-foot  tower  telescope,  with  a  pit 
75  feet  deep  beneath  for  the  spectroscope,  as  just 
facing  completed  at  the  Mount  Wilson  Solar  Obser- 
A  smaller  tower  telescope  ha**  been  doing 
work    there    for   a    coiudderable    tune.     The 


is  on  the  top  of  the  tower  60  feet  high,  arid 
beam  of  sunlight  vertically  downwards 
through  a  lens  which  fonns 
a  solar  image  over  7  inches 
in  diameter  upon  the  slit  of 
the  spectroscope  near  the 
sm^'ace  of  the  ground.  The 
slit  is  in  the  center  of  a  turn- 
table which  supports,  by 
rigid  steel  construction,  the 
collimator  and  plane  grating 
30  feet  below  ground.  Thus, 
the  whole  spectrosi^ope  can 
he  rotated  about  the  axis  of 
the  beam  of  light.  The  col- 
limating  lens  acts,  also,  as 
an  image-forming  lens  {the 
Littrow  type  of  spectro- 
scope), and  the  spectrum 
falls  on  the  photographic 
plate  fixed  upon  the  surface 
of  the  turntable  near  the  slit. 
Below  ground  the  tempera- 
ture is  very  constant.  At 
the  top  of  the  tower,  the  air 
is  nearly  free  from  the  trem- 
ors which  cau.se  "boihng"  of 
the  image.  As  the  beam  de- 
scends vertically  from  the 
top  of  the  tower  it  is  less 
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ely  lo  be  dt«Uir1«i  li_v  "  boiliuK"  than  il  would  be  il 
coming  obliquely,  an  from  Ih**  sun  dirpctly.  Hence, 
nitofcether,  the  tower  plan  of  solar  observatory  is 
higbly  favorable  for  carrying  on  exact  investigations 
with  ptiwerful  apparatiui.  The  new  tower  telescope 
of  over  150  feet  foeu«  just  being  erected  for  the  Mount 
Wilnon  S<ilar  OI*Hervatory  will  doubtless  yield  very 
remarkable  result**. 


H  Tmk  Spectrohbliogkaph 

The  KpectPDheliograph,  invented  by  Dr.  G.  E. 
Hale,  i^  a  des'ice  for  photographing  the  ^un  in  the 
light  of  a  wnglc  wave  length.  U't  vis  suppose  that 
the  fxilar  inume  in  brought  to  foeux  on  the  slit  of  a 
■*[iectroscopc,  and  that  the  slit  is  longer  than  the 
diameter  of  the  image.  Th(^  wix'ctnMieope  may  l»e 
ai)juKte<i  so  that  a  certain  Fraunhofer  line,  jierhaps 
the  lini.'  called  (',  or  otherwis*?  Ha  (due  to  hy<iroRen), 
falU  in  the  center  of  the  Held  of  view.  Then,  if  the 
mlar  image  Is  allowed  to  drift  across  the  slit,  the 
obMerver  will  see  the  inasswi  nf  hydrogen  on  the  sun 
which  emit  the  light  in  question  as  their  images  pass 
in  inicoe«ion  over  the  slit.  But  it  would  be  practically 
impoHsible  to  nol«  and  remember  or  sketch  them 
detAils.  If  the  photogriiphi<'  plate  is  substituteii 
for  the  eye,  and  a  slil  i)laciil  just  in  front  of  tt,  ho 
narrow  as  to  permit  only  the  Ha  line  to  pann,  a 
photoKTAphic  re«;ord  would  be  made,  hut  tliis  would 
b  mixture  of  all  the  succeswive  views  of  the  hydro- 
,  and  would  be  i)>ieleM.-(.     But  hv  moving 


the  plate  along  at  the  same  rate  that  the  image  of 
the  sun  drifts,  there  would  be  a  new  part  exposed  for 
every  succeeding  impression,  and  the  result  would  be 
a  photograph  of  the  hydrogen  masses  which  emit 
Ho  light,  as  they  exist  over  the  whole  sun's  disk. 
This  is  one  form  of  the  spectroheliograph.  In 
another  form,  which  is  employed  for  the  five-foot 
spectroheliograph  of  the  Snow  telescope  of  the 
Mount  Wilson  Solar  Observatory,  the  whole  spec- 
troscope is  floated  on  mercury,  and  moved  slowly,  at 
right  angles  to  the  beam,  across  the  sun's  image  and 
,  the  photographic  plate,  both  of  which  remain  station- 
ary. The  solar  ijnage  of  the  Snow  telescope  is  about 
7  inches  in  diameter,  and,  if  the  correspondingly  long 
slit  of  the  spectroscope  were  straight,  the  spectrum 
lines  would  be  greatly  curved,  and  the  sun's  image 
taken  with  the  spectroheliograph  would  be  distorted. 
This  defect  is  avoided  by  using  curved  slits,  dividing 
the  necessary  curvature  between  that  for  the  spectro- 
scope and  that  in  front  of  the  plate.  The  curvature 
of  these  slits  differs  for  different  spectrum  lines,  so 
that  as  many  pairs  of  slits  are  required  as  there  are 
spectrum  lines  in  whinh  spectroheliograms  are  de- 
sired. Thus  far  Ho,  H>9,  H7,  HS  of  hydrogen,  H  and 
K  of  calcium,  and  a  few  preliminary  tests  of  othi 
lines  have  been  tried. 
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The  Heliomicrometer 


It  ordinarily  requires  considerable  measurement 
and  calculation  to  determine  the  positions  of  objects 


^fel 


SOLAR  INVESTIGATION 


:h  reference  to  the  solar  (squator,  seen  on  the  solar 
photography,  whether  direct  or  .speetrohelioBraphie. 
Thifi  lalmr  is  larpely  avoided  by  the  use  of  a  device 
jj  Mr.  Hule's  called  the  hclioniicronieter.  It  coii- 
ppti  or  a  sphere  marked  with  rircle-s  of  latitude  and 
'lonptudc,  and  adjuHted  so  that  its  poles  corre^jiond 
in  poation  with  those  of  the  sun  for  the  dat«  in 
question.  A  long  focus  concave  mirror  throws  an 
image  of  this  sphere,  and  of  the  photograpliic  plute 
to  be  examined,  simultaneously  into  a  double-field 
eyepiece.  Thereby,  the  two  images  are  sui>erposed, 
and  the  observer  sees  the  solar  photograph  appar- 
ently marked  with  Uue»  of  latitude  and  longitude 
correspomUng  with  those  of  the  sun.  A  micrometer 
in  provided  for  accurately  mejisuring  the  distances 
of  the  iniagiw  of  the  solar  objects  from  the  nearest 
reference  lines. 

TllK    ('OMPARATOK 

In  all  photographic  spectrum  work,  the  main 
tiling  is  accurate  measurements  of  the  p<Jsitioti«  of 
the  spectrum  lines  with  reference  to  each  other, 
or  with  reference  to  certain  standards  of  pfjuition. 
Ill  iwiny  cases  the  slit  of  the  spectroscope  is  partly 
covered  by  a  diaphragm  of  peculiar  shape,  which 
pan  be  moved  so  as  to  uncover  different  portions  of 
the  slit.  Thus,  successive  exposures  may  be  miule 
to  different  «>urcen  of  liglit,  as,  for  in>»(aiire,  the 

otrr  and  limb  of  the  sun,  or  the  sim  and  the 
1  arc  light.     In  the  resulting  photograph  there 
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are  several  spectra  corresponding  to  these  diffei 
sources,  all  accurately  aligned  one  above  another. 
For  measurement,  the  photograph  is  placed  on  the 
table  of  a  measuring  machine,  or  comparator,  and 
this  table  is  moved  to  and  fro  by  an  accurate  screw 
with  graduated  head,  thus  bringing  chosen  spectrum 
lines  to  the  cross  hair  of  the  observing  microscope. 
Measurements  of  position   to   the    ten-thousandth 

part  of  a  millimeter  (to ,,  -   ^^  inch)    are  somteS 

times  made  in  this  manner.  ^ 

The  wave  lengths  of  the  solar  specfrmn  lines  and 
of  the  bright  spectrum  lines  of  the  chemical  elements 
are  the  fundamental  data  of  spectroscopy.  In  Row- 
land's great  table  of  the  solar  spectrum  the  wave 
lengths  are  given  to  seven  places  of  significant  figures, 
that  is,  to  thousandths  of  an  "Angstrom  unit."  It 
has  lately  been  found  that  there  are  certain  syste- 
matic errors  of  the  table  due  to  various  causes, 
chiefly  to  an  obscure  source  of  error  in  the  use  of  the 
grating  for  determining  wave  lengths,  so  that  there 
are  corrections  of  the  order  of  one  or  two  hundredths 
of  an  Angstrom  to  be  applied  to  make  Rowland's 
table  homogeneous.  To  reduce  to  the  absolute 
scale  of  the  international  metric  system,  a  some- 
what larger  correction  is  needed.  By  means  of  the 
interferometer  these  corrections  are  gradually  being 
determined,  and  it  is  probable  that  within  a  few 
years  wc  shall  have  a  standard  table  of  solar  and 
terrestrial  spectrum  places  accurate  to  within  tivo  or 
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!  units  in  thf  set>etUh  place  of  significant  figurte. 

lawaiis  cxtniordinary  enough  that  so  small  aquan- 

1  as  Ihc  wavo  length  of  light  should  be  measurable 

\  aurh  extrpnie  precii*ion,  and  still  more  extraor- 

thut  i^ueh  a  de'^ree  of  accuracy   is  at  all 

iary  for  promotii.g  investigation.     But  so  it 

\  aod  much  of  the  remarkable  progresi^  of  solar 

wledgo  in  recent  years  depends  on  differences  of 

*  lengtht*.  as  in  the  case  of  pressure  and  velocity 

)ix»,  not  larger  than  0.005  of  an  Angstrom,  or  lesn 

ti  one-millionth  part  of  the  wave  length  of  yellow 


The  Nature  ok  Uadiation 

Kot  less  important,  perhaiw,  than  thc«e  questions 

p«xiirt  wave  lengthw,  is  the  niejisurement  of  the 

wity  of  liglit,  or  rather,  K]>eaking  more  broadly, 

of    nuliation.     All    .solar    myH,    whether   visible   or 

l^K>t»graphically  active  or  not,  produce  heat  when 

AlMorfaoc]  upon  a  blackened  surface.     Sometimes  the 

infra-red  rays  are  called  "heat  rays,"  the  light  rays, 

Hjji^nbte  ray>t,"  and  the  blue,  violet  and  ultra-violet, 

^^fctinie,"  or  "photographic  rays."     But  there  ix  no 

^^Blinction  of  kind  between  lliese  things.     .Vll  are 

nipuvled  as  transverse  vibrations  of  the  luniinifer- 

tnu  ether,  differing  only  in  wave  length.     .Iu»t  a» 

Uie!n!>  are  sound  wave*  too  high  or  too  low  in  pitch 

to  be  heard,  «>  radiation  may  be  too  long  or  too  short 

ia  wave  length  Ut  be  seen,  but  ttuK  implies  no  dlf* 

B  in  kind  of  vibration. 

(  intensity  of  radiatjou  can  be  quantitatively 
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estimated  only  very  imperfectly  by  the  eye,  or  by 
the  aid  of  the  photographic  plate,  although  both  the 
eye  and  the  plate  are  excessively  sensitive  to  radia- 
tion of  certain  wave  lengths.  But  waves  of  all 
wave  lengths  produce  their  just  effects  when  trans- 
formed into  heat.  Though  both  are  forms  of  energy, 
rafUation  is  not  heat,  but  may  be  transformed  coi 
pletely  into  heat.  We  regard  radiation  as  wave  m( 
tion  in  the  ether,  heat  as  irregular  motion  of  the 
molecules  of  material  substances.  .\I1  heated  sub- 
stances give  off  radiation ;  but  the  amount  and  quality 
of  radiation  given  off  at  a  given  temperature  are 
different  for  different  substances.  Substances  at 
any  temperature  above  the  absolute  zero  (  —273"  C.) 
are  supposed  to  consist  of  molecules  in  rapid  mo- 
tion. These  moving  molecules  may  be  supposed 
to  communicate  some  of  their  energj'  to  the  unseen 
ether  which  is  assumed  to  permeate  all  space,  even 
the  interstices  between  the  molecules  of  solid  bodies. 
Thereby  the  ether  may  be  assumed  to  be  set  in  con- 
fused vibration,  and  from  this  <'onfu,sion  is  extri- 
cated by  the  prism,  or  grating,  the  orderly  succession 
of  wave  lengths  which  we  term  the  spectrum.  The 
relative  intensity  of  the  several  parts  of  such  a 
spectrum  depends  on  the  temperature  of  the  exciting 
body. 

Kirchhoff  introduced  the  notion  of  the  perfect 
radiator.  This  is  sometimes  called  "the  absolutely 
bhick  l)ody,"  because  a  perfect  radiator  is  a  per- 
fect absorber  of  radiation,  and  most  black  substani 
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are  alv»  nrarly  pf-rffrl  abHorliprs.  The  perfect  radi- 
ator emits  for  a  given  temperature  the  maximum 
possible  amount  of  radiation  of  each  and  every 
wave  length;  so  that  no  other  body  at  the  same 
temperature  can  excel  its  emission  for  any  wave 
^taagth." 

^^b  Lavth  of  Radiation 

^HnUrchhoff  proved  the  following  important    rpla- 
lion,  now  known  a.-*  Kin-liluiff'.H  inw;     For  any  given 
temperature  and  wave  length  the  ratio  of  the  emis- 
sion of  a  body  to  its  absorption  is  a  constant,  and 
equal  to  the  emission  of  a  perfect  radiator  for  the 
same  temperature  and  wave  length.     In  order  tn 
unilcr^lunti   tlib"   law,    tlio   forrc'  of   the   L-xprt-ssioiLS 
cmiwion   and  al}Hori)ti<)ii  must  Iw  Hearly  grasped. 
By  emission  is  meant  tlie  rate  of  escajM*  of  ciicrgj'  by 
radiation,  and  to  fix  liieas  it  may  W  regarded  as  the 
amount  nuUatod  from  pach  square  centimeter  of  nur- 
^jtaiBK  in  a  minute  of  tim{?.     Ily  absorption  U  meant 
Hjitf  fmctiun  which  would  be  abMorbcd  in  the  body 
^H  diined  upon  by  radiation   from  another  source, 
^^■tr  instance,  if  tbuK  whined  upon,  and  tbree-fourthft 
^^H  the  raytt  received  are  ab»r)rlHHl  and  go  to  warm 
^Hw  body,  wliile  the  other  fourth  is  reflected  away, 
or  transmitted,  the  alinorption  is  said  (o  be  three- 
fourths.     Such  a  body,  by  Kin-hhoffV  law,  would 
emit  only  three-fourths  an  copiously,  for  the  wave 

'  An  ctnrptiiin  nital  be  luiuli-,  pcHinpa,  iif  n  wrliun  rlow  uf  (lodlai 
rtrtlMl  Ui  mliiition  li;  olhi-r  nwuH«  thim  triDn'tiitiiir,  an,  fur  to- 
■U0(«,  datmural  u"!!'!!!  Thi*  rnDBrlu  nbovr  riiiin-ni  ihr  n-tnliim* 
«  mm)  miliatlcin  alnnr 
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forraiUEP,  we  must  consider  how  energy  of  ratUation" 
can  be  nteasured.  There  are  no  accurate  means  of 
measuring  radiant  energy  while  it  remains  such.  It 
must  first  be  transformed  into  heat.  The  unit  of 
measurement  of  heat  is  the  caloiie,  or  that  amount  of 
heat  which  is  ret|uire<:l  to  warm  one  gram  of  water  at 
15°  C.  tlirough  one  degree.  With  this  unit  we  must 
combine  the  notion  of  intensity.  We  then  define 
the  unit  intensity  of  radiant  energy  as  that  which, 
if  completely  absorbed  by  a  surface  at  right  angles 
to  the  beam,  will  produce  one  calorie  of  heat  per 
square  centimeter  per  minute.  We  therefore  meas- 
ure ra(hation  in  calories  per  square  centimeter  per 
minute. 

To  suit  this  definition,  and  to  correspond  with 
wave  lengths  expres-sed  in  microns  (/*),  and  tem- 
peratures in  abfiohite  degrees  of  the  Centigrade  scale, 
the  valu&s  of  the  constants  of  forniulic  I  and  II  are  as 
follows : 

C,=  S.29  X  lO";     c,  ^  14.550;     o- =  76.8  X  lO'' 

Spectra  of  Different  Sources 
In  Fig.  17  the  curves  A  and  Bgive  the  distribution' 
of  radiation  in  the  spectrum  of  a  perfect  radiator  at 
7000"  and  G200°  of  the  absolute  Centigrade  tempera- 
ture .scale,  as  computed  from  the  Formula  I.  The 
curve  C  gives  the  distribution  of  radiation  as  it  would 
be  found  in  the  average  spectrum  of  the  sun's  entire 
disk,  if  it  could  be  observed  outside  of  our  atmos- 
phere, according  to  determinations  made  by  Smii 
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not.e<i  by  the  Creek  letter  /*.  Tho  visible  spectrun^ 
practically  extends  from  0.4;*  to  0.7^',  bo  that  much 
of  the  solar  radiation  is  invisible.  The  vertical  heights 
of  the  cur\'es  (ordinates)  are  proportional  to  the  energy 
of  the  rays  of  corresponding  wave  length.^  as  mea-s- 
Tired  by  their  heating  effects.  It  will  be  noted  that 
the  forms  of  the  computed  and  observed  eurves  differ 
most  in  the  ultrar-violet,  where  the  observed  solar 
radiation  falls  off  more  rapidly  than  the  computed 
radiation  of  the  perfect  radiator.  Further  remarks 
on  the  subject  of  the  sun's  temperature  will  be  given 
in  the  next  chapter. 

The  reatler  will  note  that  the  mnxiniuni  ordinate  of 
curve  A  occurs  at  a  les.i  wave  length  than  that  for 
curve  B,  and  that  curve  A  is  at  all  points  the  higher 
of  the  two.  The  perfect  radiator  is  sujjposed  to  emit 
raya  of  all  wave  lengths  at  idl  temperatures,  whether 
high  or  low;  but  when  the  temperature  is  low  the 
shorter  wave  lengths,  including  those  which  would  be 
visible,  are  too  weak  to  be  detected,  even  by  such  a 
highly  sensitive  organ  as  the  eye.  As  the  tempera- 
ture inci-eases  the  inteasities  of  rays  of  all  wave 
lengths  increase,  but  the  intensities  of  rays  of  shorter 
wave  length  increase  most  rapidly.  Hence,  as  ex- 
pressed in  Formula  III,  the  wave  length  of  the 
maximum  emission  grows  less  and  shifts  towards  the 
violet  end  of  the  spectrum  as  the  temperature  in- 

'  By  special  devices,  the  Hpectrum  can  he  obaprved  visually  from 
0.37  It  lo  0.S3  n.  but  as  ordinarily  obsyrvpd  it  falls  w-ithin  the  limiW  ^ 
above  stated. 
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Most  common  solitin  and  liquids  emit  a 

uuuUM  fii)pctrum.  which,  as  th«  tpmiwraturo  in- 

».  grows  in  intensity  more  rapidly  for  short 

?  leitKttu  ttian  fur  lung.     Hut  there  are  usually 

1  regions,  or  bands  of  the  Kpcotra  uf  solids  and 

^iiidi!  when*  the  radiation  i.H  stmngej-  titan  that  of 

Ihf  adjafcnl  wave  lengths.     Tliese  aro  called  reKions 

ef  "selective  emission,"  and,  an  follows  from  Kirch- 

fi  law,  they  ore  also  r^onx  uf  "Kelective  ubsorp- 

hen  K&flra  or  vapors  are  examined  under  onlinary 
ditions  of  low  pn^sure,  and  with  small  ([uantity 
rnt,  ori  when  the  electric  arc  i.H  r;iiised  to  play 
*n  metallic  [MileK,  U»e  w[ict'trum  appears  to  he 
ff  up  chiefly  of  narrow  lines  or  bands  of  selev-tive 
,  witlwmt  a  i>niminent  a<H:ompanying  con- 
ous  npcctruiu.  SomenuthorH  hold  that  the  con- 
loiut  barkground  is  totally  absent  in  gaseous  npct:- 
tm,  but  it  ffcumvi  more  likely  that  tliero  is,  in  fact,  a 
very  »li(^t  vestige  of  it  present,  which,  if  the  quan- 
of  gatt  waft  uicrcjLscd,  so  that  the  observer 
|Ud  look  towards  immense  thicknesses,  would  be 
wl  until  tlie  emission  for  all  wave  lengths 
M  finally  approach  the  inteasity  of  a  perfect  radi- 
Thix  view  is  BUpiy)rled  by  the  circumstanoo 
if  tbo  pressure  upon  the  emitting  gas  is  in- 
.  U}  Kcveral  atmospheres,  the  spectrum  linen 
|en  out,  till  at  length  there  is,  for  some  distance 
1  the  lines,  a  jK-reeptiblo  eontinuouit  background. 
IBther  or  not,  then,  it  be  true  Ibut  gases  under 
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less  than  atmospheric  pressure  would  give  continu- 
ous spectra  if  in  great  depth,  it  is  certainly  highly 
probable  that  such  gases  would  do  so  if  more  and 
more  compressed  with  the  increasing  thickness.  Re- 
gions of  strong  emission  are  regions  of  strong  absorp- 
tion by  Kirchhoff's  law,  so  that  in  the  case  of  a  thick 
gas,  as  just  proposed,  it  would  be  only  the  front 
layers  which  would  give  rise  to  the  lines  or  bands  of 
high  selective  absorption,  while  the  deep-lying  layers 
would  be  those  which  would  produce  the  continuous 
spectrum.  If  the  gas  is  not  of  uniform  temperature, 
but  grows  hotter  with  increasing  thickness,  it  is  easy 
to  see  that  the  (continuous  spectrum  might  exceed 
the  line  spectrum  in  its  intensity,  so  that  the  really 
bright  lines  would  appear  dark  by  contrast  with  the 
background.  As  is  well  known,  the  solar  spectrum 
has  the  character  of  a  continuous  bright  ground 
crossed  by  darker  lines,  and  evidence  will  be  pre- 
sented later  which  indicates  that  it  is  indeed  to  be 
regarded  as  a  gaseous  spectrum  of  the  kind  just 
described. 

Ptrheliometry  ■ 

In  the  year  1838  Pouillet  devised  the  instni-*t 
ment  which  he  called  the  pyrheliometer,  shown  in 
Fig.  18,  and  used  it  for  measuring  the  intensity  of 
the  sun's  radiation.  A  flat  silver-plated  vessel  ab, 
blackened  with  lampblack  on  its  upper  surface,  is 
filled  with  water,  and  contains  also  the  bulb  of  the 
thermometer   d.    The    instrument    is    held    in    the 
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fiUunp  e,  and  pointrd  tuwardH  the  huh  a»  indirated 
when  the  t^hndow  uf  \\w  bux  ab  fulls  (•<>iitraliy  nn  th<t 
pUtr  «.  By  mtatiiift  thn  whole  appariitiis  in  iht; 
dftmp  f,  the  wat4?r  can,  in  effect,  bp  Htirred  to  equalize 
\i»  temperature.  To  obwrve  the 
iutnuQty  uf  the  Kolar  radiation 
the  instrument  is  first  !*haded, 
and  the  change  of  temperature 
occurring  iu  a  certain  time,  an, 
for  inittjuice,  five  minuto^,  \» 
Dotfld.  Then  the  screen  is  re- 
nHived,  and  the  obwrver  niden 
the  rhAiiRp  of  leiii[)eralurp  dur 
ti)  xhf  Kun'i4  heating  in  the  sanie 
time.  Finally  the  shmic  uhser- 
vntiun  if  repeate<l.  ( 'orrectinR 
the  BveraKt*  rate  (if  riMCiif  tem- 
perature per  minute  dunnft  Ihr 
son  exposure  by  the  average 
nUe  of  cooling,  shown  by  the 
flluule  readingK,  the  result  giveti 
ttie  rise  of  lempcrature  per  min- 
ute of  a  maw  of  water  and  cop- 
pw,  of  known  heat  capai-ity,  due  to  the  sun'a  raya 
ituning  at  right  angles  and  absorbed  on  the  icnown 
area  of  the  1«p  of  the  box.  A  correction  of  about 
2.5  per  cent  must  be  ad<led  on  afxount  of  loss  by 
reOection  from  the  lampblack. 

Pouitlet  observed  the  intensity  of  the  Hun'it  rayR 
irith  th»  instniment  at  different  hours  of  the  day. 
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TTu*  atmofiphere  weakens  the  ?im  rays  by  the  diffuse 
reflection  of  ii)<  mol«^iiIe<  and  dust  particles.  This 
effect  i»  more  and  more  apparent  as  the  Rin  Dears 

B  horizon.  Tlie  atmosphere  extends  upwards  for 
.  <]iHtance,  but  becomes  les.^  and  less  dense, 
'  that  at  one  hundred  miles  elevation  what  re- 
iti&iliK  above  is  negligiljle,  so  far  as  cutting  off  the 
Hun'H  ray«  is  concerned.'  Hence,  we  may  regard  the 
effective  part  of  the  atmosphere  as  a  layer  whose 
thicknetw  is  very  small  compared  to  the  earth's  ra- 
dius; and  so,  whenever  the  sun  is  15°  or  more  above 
the  horizon,  the  length  of  path  of  its  rays  in  air  is  in 
proportion  to  the  length  of  the  path  when  the  sun  is 
ill  tlic  zenith  simply  as  the  secant  of  the  zenitli  dis- 
tiiiice  lit  the  time  of  the  observation. 

HougiKT  and  Lambert  had  shown  independently, 
in  the  year  17tiO,  that  when  a  ray  traverses  a  homo- 
geneuuM  trauHpareat  medium,  the  intensity,  E,  after 
traversing  any  given  thickness,  t,  of  the  medium  is 
given  by  the  following  formula,  in  which  E,t  is  the 
original  intensity,  and  a  is  a  constant  which  repre- 
Bentfl  tlio  proportion  transmitted  by  unit  thickness: 

E  =  E,m'. 
Pouillet  applied  Bouguer's  formula  to  his  observa- 
tions, taking  unit  thickness  as  that  traversed  by 
rays  when  the  sun  is  in  the  zenith,  so  that  if  2  is  the 
Ecnith  distance,  the  formula  becomes : 

E  =  E,fl"™"". 
He  computed  the  value  E,„  which  is  the  intensity  of 

■  sud's  radiation  out^de  the  atmosphere,  and,  re- 
T4 
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ring  to  mean  distance  of  the  8un',  obtained  "Eo 
El.70  calories  per  sfjuare  ceritinieter  per  minute, 
value  Radau,  and,  also,  Langley  afterwards 
■red  must  be  below  the  true  value  of  the  "solar 
iRtant  of  radiation"  because  Pouiltet  made  no 
•trum  nbwer^'ations,  and  it  h  necessary  to  do  so  on 
Duut  of  the  un«iual  loswea  suffered  by  rays  of  dif- 
nt  wave  lengths  in  passing  through  the  air. 
Pouillel's  pyrhcliomoter  was  improved  by  Tyndall, 
>  ^ulMliluled  an  iron  box  confjiining  mercury  in 
ptaee  of  the  copper  Ihjx  containing  water.  In  re- 
cent years  Tyndall's  design  ban  been  improved  at 
the  Smith.'»onian  In-stltution.  First,  a  copper  box 
filled  with  mcreurj'  waM  employed;  then  a  copiier 
disk  with  a  hole  drilled  radially  to  eontain  the  cylin- 
drical bulb  of  a  themiometcr  with,  also,  a  little  mcr- 
cur>"  t>urroimding  it  to  make  good  heat  connection; 
now  (11)10),  the  Iimtitution  u»eri  a  I)la(^kene«l  Kitver 
di:4k  (shown  in  section  ut  a  in  Fig.  19)  with  a  radial 
hole  lined  by  a  thin  steel  thimMe.  In  this  is  inserted 
in  mercurj'  a  cylindrical-bulb  thermometer,  b,  bent 
at  right  angles  so  as  to  point  towards  the  sun  when  in 
The  diiik  i:^  enclosed  in  a  br&i«s- walled,  black- 
1  chamber,  c,  and  this  is  protected  from  changes 
xmpernture  by  a  wooden  wall,  d,  outade.  The 
^'k  rays  are  admitted  through  a  tul)e,  e  (shown 
•  ill  jHTCtion),  which  contains  diaphragms,  ///, 


'■  raiUstiun  variii 
t  tit  the  «in'a  illmiinn-. 
1  warijr  7  fn-  cmt  iu»ri 


ill  it»  liiK-naity  li 
Iltiiw  till-  rnnh  r 
tolu  rtilintiun  in  January  dimn  in 
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to  prevont  air  current*!  from  reaching  the  silver  disk. 
All  wjuatoriul  uiounting  enables  the  observer  to 
point  the  inptniment  towards  the  sun.  Several  Jn- 
strumente  of  the  type  shown  in  Fig.  19  have  been 
constructed  and  com- 
pared witti  those  at  the 
Institution,  and  sent  to 


^iffe 


lifferpnt  iiolar  obderveni  abroad  to  convey  txi  them 
'tly  the  scale  of  measurements  employed  here. 
In  IKIW  K.  Angwlrom  devised  his  electrical  com- 
peoMition  pyrhelionieter,  which  ha.<<  been  used  very 
e3[t*"n.'.i\-ely.  Fig.  2l(  gives  a  general  view  of  the 
ia»tniment  and  Fig.  21  ati  etdarged  detail  view  of 
the  interior.  It  consists  of  two  thin  strips  of  man- 
gaoin,  V  V,  of  meaKurrd  area,  which  are  blackened  on 
the  front  surfaces,  and  have  fixed  to  the  rear  of  each 
a  thermoelectric  junction  for  determining  their  tem- 
peratures. The  binding  poata,  Ki  Kj,  communicate 
roKpectively  to  the  strips  and  the  thermal  JUDC- 
tioot.  A  mejuurod  current  of  electricity  is  poawd 
through  one  strip,  while  the  other  is  exposed  to  the 
Sim.  and  when  a  galvanometer  connected  with  the 
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Ihemial  junctions  indicates  equality  of  temperature 
it  is  assumed  that  the  known  amount  of  heat  in- 
troduced by  the  electrical  current  is  equal  to  that 
absorbed  from  the  sun's  rays.  By  reversing  the 
screen,  W,  and  the  commutator,  C,  the  two  strips 
are  heated  alternately  by  the  sun  and  by  electricity, 
and  the  mean  result  is  employed.  After  applying  a 
correction  for  loss  by  reflection,  the  results  are  com- 
puted in  terms  of  calories  per  square  centimeter 
per  minute.  The  instrument  is  inclosed  in  a  dia- 
phragmed  tube  R,  and  is  mounted  on  an  alt-azimuth 
stand  provided  with  the  screws,  Sj  Sj,  for  following 
the  sun.  A  thermometer,  T,  indicates  the  tempera- 
ture of  the  strips. 

In  both  forma  of  pyrheliometers  described  above, 
if  used  as  standard  instruments,  a  correction 
must  be  determined  and  applied  to  allow  for  the 
radiation  reflected.  Besides  this,  there  is  another 
source  of  loss,  arising  from  the  fact  that  part  of  the 
heat  produced  by  the  absorption  of  solar  radiation 
in  lampblack  is  carried  off  by  the  air,  and  by  re- 
radiation  of  great  %vave  length,  and  this  part  does 
not  produce  any  effect  on  the  thermometer  or  ther- 
moelectric junction. 

To  avoid  these  sources  of  error  other  forms  of 
pyrheliometers  have  been  devised  in  which  the  rays 
are  absorbed  within  a  hollow  cylindrical  blackened 
chamber.  Such  a  chamber,  as  stated  a  few  pages 
above,  is  practically  a  perfect  radiator,  and  hence 
is  a  perfect  absorber,  so  that  no  correction  for  rays 


1\cd  is  noedcti.  The 
i\re  principally  fib- 
1  at  the  irar  pnd, 
nnd,  nn  the  tube  U  deep, 
the  heat  tending  to  es- 
cape will  be  ttlwcirbed 
somewhere  ou  the  ludc 
walU.  Two  m4>ani«  of 
ludnfc  the  hoUow  cham- 
ber have  been  employed, 
<be  firat  alxiul  1804,  by 
^BRr.  A.  MichHMm,  thfi 
^ioond,  lUOS  to  1910.  by 
the  writer.  MichHson 
mirround)!  tiu?  chambnr 
by  mcltiii);  ice  tmd  wulcr, 
and  dclprminw  the  heiit 
introduced  by  nieuKurini; 
the  contrnction  of  the 
ice  a.4  it  meltit. 

Id  the  form  dcvi]«ed  by 
the  writer,  an  uhown  in 
Fir.  22,  a  meii8ured 
ntream  of  water,  enter- 
in^  at  E  and  emeririiig 
at  F,  floWH  continually 
m  a  xpiral  channel  nmiid 
thewalUnf  thel>lu<-ki-n<'<l 
chamlMT.  A  A,  carr>inK 
off  the  heat   as  taut  m 
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formed.  The  rise  of  temperature  of  the  stream  of 
water  due  to  the  solar  heating  (,adnutted  through  the 
vestibule,  B  B,  and  the  measured  diaphragm,  C)  is  de- 
termined bya  differential  electrical  thermometer  com- 
posed of  four  fine  platinum  wires  wound  longitudi- 
nally on  ivory  spirals.  These  wires  are  bathed  by  the 
stream  ofwaterwhichfollowsthespiralchannelsof  the 
ivory.  Two  coils  are  situated  at  Di,  in  the  entering 
stream  of  water,  and  two  at  D^,  after  its  passage 
through  the  walls  of  the  chamber.  The  four  are  joined 
to  form  a  Wheatstonc's  bridge,  and  their  indications 
are  read  by  a  sensitive  galvanometer.  The  pyrhehom- 
eter  is  protected  from  outside  temperature  changes 
by  the  Dewar  vacuum  flask,  K  K.  In  order  to  test 
the  accuracy  of  the  instrument  two  coils  of  man- 
gatiii)  wire,  G  and  H,  are  placed  within  the  chamber 
near  its  rear,  and  a  known  quantity  of  heat  may  be 
produced  there  in  either  coil  by  the  passage  of 
a  measured  current  of  electricity.  This  heat  is  then 
measured  just  as  if  it  were  from  the  sun,  and  if  all 
that  is  introduced  is  found,  it  may  be  supposed  that 
the  instrument  is  a  correct  recorder  of  solar  radia- 
tion, especially  as  the  coil  G  is  very  unfavorably  ait^ 
uated  for  giving  up  its  heat  to  the  walls. 

Two  such  water-flow  pyrheliometers  of  different 
dimensions  were  tested  at  Washington  in  1910  and 
gave  closely  agreemg  results  on  solar  radiation,  be- 
sides recovering  almost  completely  the  electrically 
developed  heat  used  as  a  test.  These  water-flow 
pyrheliometers  are  used  as  standards,  and  the  read- 
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p  ()f  the  silver-disk  pyrheliometem  are  re<iuoed 
llie  Kcalc  they  give.  Tiie  walrr-flnw  pyrhelionietej, 
len  in  iiHe,  i^  mounted  equatorially  and  driven  by 
rioekwork  (o  fMllow  the  sua.  It  is  alternatpty 
ohaded  and  exposed  to  mlur  radiation. 

^^B  BOLOMETHY 

^^^jTor  measuring  the  intensity  of  the  rays  in  the 
^^■I^Meetrum,  the  itutrument  most  used  is  the 
•'HQPHvrt  a  delicate  electrical  thermometer,  io- 
veoied  by  Lanj^ey  about  1H80.  A»  now  construet- 
ed,  it  comprises  tvo  exactly 
rimiUr,  narrow,  hlankcDcd, 
platinum  strips  hardly  as 
wide  lu*  haim.  ten  times 
thinner  than  ihey  arv  wide, 
an*!  alxtut  luUf  an  inch 
lonR.  Referring  to  Fig.  23, 
such  »tri()!«,  a,  b,  having  an 
electrical  rewstance  of  about 

four  ohiUM  each,  are  joined,  as  shown,  to  two  coils,  c,  d, 
of  mangianin  wire,  each  of  atmiit  20  ohms  resixtanre, 
fonnini;  with  the  two  ntrips  a  Wheat-sione's  bridge. 
A  variable  rei^stanco,  e,  of  several  thoiutand  ohmit  is 
rfiunted  anmnd  one  coil  mid  serves  to  bring  the 
whole  Co  an  electrical  balance.  Sometimes  a  small 
r»4totancc  of  copper,  /,  l<<  included  in  one  arm  of  the 
WbealKtoiie's  bridge  to  prevent  it-s  imbalancement 
as  the  fmrrotinding  tem[)erature  rl)angn>.     A  cur- 


rent of  about  0. 1  ampere  from  a  storage  battery  of 
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several  cells,  in  parallel,  flows  constantly  throu] 
the  Ijridge,  and  the  adjustment  is  observed  by  a 
highly  sensitive  galvanometer,  g.  If  the  radiation 
is  caused  to  fall  on  one  of  the  bolometer  strips,  its  re- 
sistance increases,  and  there  results  a  deflection  of 
the  galvanometer  proportional  to  the  heat  produced 
by  the  radiation.  The  rpcord  of  the  galvanometer  is 
kept  automatical!}'  on  the  photographic  plate  which 
is  moved  vertically  by  the  clockwork  at  the  same 
time  that  the  spectrum  is  moved  across  the  bolom- 
eter strip,  so  that  rising  and  falling  temperatures 
of  the  strip,  due  to  changes  of  intensity  of  the  spec- 
trum, are  indicated  by  higher  and  lower  parts  of  the 
curve,  photographically  traced  by  the  little  spot  of 
sunlight  reflected  by  the  tiny  mirror  of  the  galvanom- 
eter needle.  Fig.  24  gives  a  pair  of  such  energy 
curves  or  holographs  of  the  solar  spectrum.  Some 
of  the  principal  Fraunhofer  lines  give  great  depres- 
sions of  the  curve,  and  are  indicated  on  the  margin 
of  the  figure.  At  the  points  marked  *  *  a  shutter 
wa.s  introduced  in  front  of  the  slit  of  the  spectro- 
scope to  give  the  zero  of  radiation.  At  the  points 
marked  f  t  diaphragms  were  introduced  to  diminish 
the  intensity  of  the  spectrum,  so  that  the  photo- 
graphic trace  would  not  run  off  tiie  plate.  The  scale 
of  the  intensity  as  thus  altered  is  indicated  on  the 
margin. 

In  Chapters  III  and  V!I  are  given  the  applica- 
tion of  the  bolometer  for  the  determination  of  the 
"solar  constant  of  radiation,"  the  transparency  of 
8a 
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the  atniuHphere  for  rays  of  difTerenl  wave  lengths,  (he 
investigatioD  of  the  comparative  brightness  of  dif- 
ferent partx  of  the  solar  image,  and  the  determina- 
tion of  the  temperature  of  the  sun.  The  astonishing 
eenxitiveneas  of  the  bolometer  may  be  understood 
when  it  is  said  that,  in  ordinary  use,  changes  of 

temperature  of  less  than  ■  -    ^^  of  a  d^xee  C.  are 

measured,  and  by  special  installation  this  setL<dtive- 
nenB  may  l>e  increased  1000  fold.  The  still  more 
aKtonii^hing  sensitiveness  of  the  eye  is  indicated  by 
the  fact  that  we  receive  enough  light  through  the 
pupil  of  the  eyp  from  a  star  of  the  sixth  magnitude 
to  t*i^  it,  th))ugh  with  the  most  sensitive  bolometer 
it  would  require  a  mirror  perhiip^n  ten  feet  in  diameter 
t*)  concentrate  enougli  rays  from  such  a  star  to  make 
it«  heating  observable.  This  is  the  more  striking 
because  the  eye  is  affected  by  only  a  short  range  of 
sperlral  colors,  while  the  bolometer  measures  the 
total  radiation  of  all  wave  lengths.  -J 
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Ab  viewed  thniu|H)  the  tdeacope,  or  photoitniphnl. 
UiF  ntliatiiiK  Hurface  uf  tli«-  sun,  rallr^l  the  "pliolu- 
qihrre, "  |>rejM>iiU  a  hriltiiuit  dUk  iMVcntl  by  imlia- 
Unct  mntUjngh  winietiniw  Hpokeii  of  as  tin-  "rict^ 
gnun-«tructure."  Obji-cU  mucli  Iom  thati  a  hpcoik)  \tt 
ore  or  -UIO  milen  in  diameter,  cannot  he  welt  tteen  uii 
the  nin.  m  that  t)iet<«  "  rirc-Krainn, "  wliirh  appear 
according  to  diJTerent  authore  fruiti  100  to  .VK)  mili'^ 
in  diameter,  are  rrally  InrRe  arpns.  Some  atithoni 
speak  of  the  bright  area.t  uf  this  iimtlliHl  appcnriiiiru 
a»  "granulatiotts,"  and  the  darker  partH  a-t  "i«)rc)i." 
Genermlly  a  few  very  dark  patchtm  (-uII(kI  "nun 
gpota"  may  be  Men,  and  arouiul  them,  if  they  hajv 
pen  to  be  observed  near  the  edKt<  nr  "hnib"  of 
the  mm,  ore  found  very  briRht  area**  called  "  fafnilie. " 
The  facuhe  are  aeldom  neeti  very  much  more  than  a 
t)uarter  radiuR  within  the  limb.  PhotoRruphy  rcveaU 
at  once,  what  the  eye  reoognlies  lew  o(uily,  that  the 
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photosphere  falls  off  in  brightness  towards  the  sun's 
limb.  A  photograph  well  exposed  at  the  center  will 
be  very  weak  at  the  limb.  Plate  III  shows  this 
clearly,  and  also  exhibits  the  rice-graio  structure, 
sun  spots,  and  faculie.  Smi  spots  march  nearly  reg- 
ularly across  the  sun's  disk  in  about  13.6'  days,  and 
appear  after  an  equally  long  absence,  which  indicates 
that  the  sun  rotates  upon  its  axis.  r 

The  Photospheric  Spectrum 
The  spectrum  of  the  sun's  photosphere  is  a  coi^  . 
tinuous  bright  background  of  color  crossed  by  daiijfl 
lines  and  bands.     Newton  recognized  seven  colors  in* 
the  spectrum,  oompriaing  violet,  indigo,  blue,  green, 
yellow,  orange  and  red,  but  these  bleiul  into  one 
another  by  perfectly  imperceptible  gradations  of  in- 
numerable hues.    By  photography  and  by  the  bolom- 
-  tier,  the  solar  spectrum  has  been  followed  beyond 
the  violet  end  as  seen  by  the  eye  {which  occurs 
about  wave  length  0.38^),  as  far  as  wave  length  0.29**.' 
Here  the  rays  are  almost  wholly  cut  off  by  losses  in 
the  earth's  atmosphere  and  in  the  sun's  outer  envel- 
opes.    Beyond  the  red,  which  may  be  observed  with' 
the  eye  to  wave   length   0.80f*,  Abney  has  photo- 
graphed, by  the  aid  of  specially  dyed  plates,  to  wave 
length  1.1^,  and  with  the  bolometer  the  solar  spec- 
trum has  been  measured  at  the  Smithsonian  Astro- 
physical  Observatory  as  far  as  wave  length  5,3^. 


'The  corth  ia  meanwhile  advancing,  so  lliat  tiiia  ia  not  the  half 
)  period  of  the  sun's  sidereal  rotation. 
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^^robably  Bun  rays  might  be  recognized  with  the 
b«»Iomt'l<-T  at  int«rvala  as  far  a«  2(V*.  but  U-yuiiii 
thU  ihey  would  probably  be  practically  all  cut  off 
by  lowtes  in  the  earth's  atmosphere. 

The  dark  lines  and  bands  of  the  solar  epectruni, 
named  from  their  iliscoverer  "Fraunhofer  lines," 
have  two  different  sources.  A  considerable  number 
of  tines,  notably  in  the  red  and  infra-red  regions  of  the 
Bpectnun,  are  caused  by  the  absorption  of  gaaes  and 
vapors  in  the  earlh's  atmosphere.  The  chief  of 
these  tcrrcalrial  absori«>titJi  are  oxygen,  water  vaijor, 
and  carbonir-acid  ga^.  By  far  the  greater  number 
of  the  Fraunhofer  Unott,  however,  are  formed  by  the 
abmrplion  of  solar  rays  by  gasos  in  atid  ulmut  the 
ran  itself;  notjibly  by  iron,  nickel,  calcium,  tit^inium. 
cobalt,  clinmiium,  nuuigiuiese,  carbon,  viuiadium, 
MMiium,  magne^iim,  and  hydrogen.  The  exli^tcnee  of 
thnc  elements  and  many  otherH  in  the  mm  ix  proved 
jby  the  oi-currence  in  the  solar  spectrum  of  dark  luios, 
^■Mupying  the  same  relative  positions  as  to  wave 
^JSngth,  and  generally  of  nearly  the  ^ame  relative  in- 
tensity, that  the  characteristic  bright  lines  of  these 
elements  occupy  in  their  spectra  at*  produced  in  the 
laboratory.  As  nhowu  by  Kirchlioff  mid  Bun»en  in 
1859,  dark  lint's  are  pmdueed  in  a  bright  continuous 
qMfotrum  by  interposing  cooler  vapors  or  gase*  be- 
tween the  Mouroe  of  light  and  the  spectroscope,  and 
these  lines  occupy  the  mnw  iKMitions  that  the  bright 
lino  of  the  vapors  or  ga-ses  would  occupy  if  the  latter 
wan  thenuwlva)  the  sole  sources  of  light.  Conform- 
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ably  to  this  discovery  it  will  be  shown  in  a  later  chap 
ter  that  the  spectrum  of  the  ovitermoat  solar  layer, 
called  thtj  "chromosphere,"  when  seen  alone  at  solar 
eclipses,  is  a  bright  line  spectrum  ^hich  is  almost  the 
exact  reversal  of  the  photospheric  spectrum.  The 
layer  in  which  the  dark  lines  have  their  rise  is  accord- 
ingly called  "the  reversing  layer."  ■ 
As  any  gases  between  the  observer  and  the  sun  ma^| 
produce  dark  absorption  lines  in  this  way,  it  Ls  not 
at  first  apparent  how  to  distinguish  between  terres- 
trial and  solar  gases.  There  are  two  ways  of  testing 
whether  a  given  Fraunhofer  line  is  solar  or  atmos- 
pheric. The  first  is  by  observing  its  intensity  rela- 
tive to  other  lines  at  high  and  low  elevation  of  the 
sun  above  the  horizon.  Atmospheric,  or  as  they  are 
called,  "  telluric."  lines  will  generally  be  strengthened 
at  low  sun,  because  the  layer  of  air  traversed  will  then 
be  greater.  A  second  and  better  method  of  discrim- 
ination consists  in  forming  an  image  of  the  sun  and 
causing  rays  from  its  east  and  west  limbs  to  be  re- 
flected together  simultaneously  into  the  slit  of  the 
spectroscope,  so  as  to  give  rise  to  two  superposed 
solar  spectra,  one  of  light  from  the  east  limb,  the 
other  from  the  west.  Telluric  lines  will  occupy  the 
same  position  in  the  two  spectra,  but  solar  lines  will 
be  sliifted  with  reference  to  one  another  owing 
to  the  rotation  of  the  sun,  which  produces  a  very 
notable  Doppler  effect.  This  is  shown  in  Plate 
IV.  Fig.  2,  which  includes  the  oxygen  band  B  an(L 
some   solar  lines  in    its  vicmity  as  photographoil 
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Rowland's  Spkcthum  Tabi.K!* 

The  solar  Bpectrum  hm  brvn  photoKruphm)  al  ^eat 

^Mfax>rsiui)  by  iiiinieroUH  observers,  but  moKt  notably 

^^V  Rowlnnd.     lie  puhlittliml  slxnit  IKt)*>.  in  the  early 

^^■hiint^  uf  \\ie  Aslropkysical  Journnl,  liis  gnmt  "  Pn>- 

^H^nory  Table  nf  Solar  Spertrum  Wave  Lengtlis. " 

^HUch  MtiU  fornix  the  basiti  for  Holar  and  utellar  re- 

^Mmrrhcs.     Rowland  statas  in  his  introduction  that 

he  photoRrapheU  the  arc  Ki>octrum  of  all  the  then 

knonn  oleinent^  except  gHllium  in  cotinoction  with 

the  rtolar  Rpwtrum.  but  that  the  work  of  identifiea- 

tton  of  linci*  in  the  solar  .spoetruin  with  (he  arc  lines 

Jd  Im"  a  further  lalwjr  <tf  years.     Tlii^  work  of 

itiftration  \\a*  never  yel  boeri  eonipletwi.  nor  hiM 

■liprmdinftly  ftill  poniparii*on  of  the  solar  3[)ec- 

i  with  Iho  Kpark  («ptM.'tra  of  the  eleinentu  been 

nptnl.  In  Rowland's  "  Preliminary  Talile"  there 

I  about  14,000  linm  rncordinl.     Their  wave  lengths 

I  f^ven  to  seven  placot  of  fit^urcs,  that  ii*,  to  thou- 

idths  nf  an  AnKntnim.     Fur  each  line  is  given  its 

rity.      The  intensities  go  from    I.  a  line  just 

irly  visible  on  Rowland's  spertnini  map.  up  to 

)  fur  the  (ttrons  ealrium  line!"  H  and  K.     Below 

I  the  intensities  go  down  to  0000,  indicating  lines 

:•  and  more  difhrult  to  nee. 

The  great  lines  of  the  solar  spectrum,  namni  long 

ago  for  the  lott«re  of  the  alphabet .  am  as  follows : 
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About  one-third  of  the  14,000  solar  lines  were  ideJH 

tified  by  Rowland  and  ascribed  by  him  to  various 

chemical  element;-.     In  a  good  niany  cases  a  line 

ia  attributed  to  several  elements  at  once.    In  such 

cases  the  coincidence  with  them  all  is  pmbably  not 

generally  exact,  but  only  so  close  that,  even  with 

Rowland's  very  high  dispci-sion.  the  several  lines 

overlap.    Investigations  with  much  liigher  di'spersion 

on  bright  line  spectra  indicate  that  in  many  cases 

^L         apparently  .single  lines  of  single  elements  are  really 

^M         resolvable  into  groups.     But  perhaps  even  such  very 

^B         high  resolving  powers  would  generally  fail  to  separate 

^M         the  blended  lines  of  Rowland's  table,  because,  owing 

^K          to  pressure  or  other  conditions,  the  .several  lines 

^B         involved  are  so  much  widened  as  to  overlap.     For 

^1         many  years  Lockyer  maintained  plausibly  that  the 

^M         elements  had  common  constituents  which  gave  rise 

^M          to  common  Ones  in  the  spectrum,  but  this  so-called 

^M          "basic  line"  hypothesis  is  not  now  generally  held. 

^M          The  following  summary  of  Rowland's  Jdentificatioof 
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^^^^^^ta  from   Yoiuig'it 

"The   Sun, 

,"    with 

slight       H 

I^BVwiinoa/  Elements  Found  and  not  Found 

the       H 

^^Bttn.— The  first  columns 

of  the  fallowing  table  give         ^| 

^H|B  chemical  clcnientK  fi 

inimi  by  Rowland  to 

^H 

^^B  (he  sun  arranged  arcordiiip  to  the  intensity  of  their       ^| 

^^bw  tines,  and  with  their  atnmir  wt 

'ifAiin  annexed.        ^H 

^^■llR  hut  columns  f-ivc  thuin  arruiigotl 

in  the  order  of       ^H 

^^Be  number  of  their  solar  lines,  ami  with  the  numlx-rs        ^| 

^^■BCaHkioally   aiuipxtxl. 

The    Hitint 

indicate!^ 

that        H 

^^Bk  clement  has  not  Ixten  identified  i 

in  eclipse 

rhro-        ■ 

^^Botipheric  spectra. 

■ 

^^B              Takia  IV.  -l-hrmu-al 

-■l,JHt,lU/l.H»-l  i 

n  thf  tun. 

^^K.    Cdrium  (4M00I 

Iron  CJOOU  or  j 

mare) 

^H 

^^p.    Imn  (H&M. 

NirkrI 

^H 

^^B,    Ilydraipn  (1  OOK) 

Titiuiiuui 

^^B 

^■L    tfcxBtun  (23  tUi 

&Iui|tnnnir 

^H 

^^K.    ?>nekcl  (MW) 

^^B 

^^B   Mm**""  f'-i^-ss) 

Cobnll 

^H 

^^kAMt<w.(rT) 

Cwlwn  (200  or  more) 

^^B 

^■■toB(3H3) 

V&TUvl^LI'U 

^^B 

^^■Kban)  (r.i) 

Zirponiiim 

^H 

^^■iKuim  («t.l) 

C-rrium 

^^B 

^^E^  Cbranuum  (A2.0) 

Cftlrimn  I7A  or  motv) 

^^B 

^^E    Nirantium  '87  (») 

Ni-odyiniiiiii 

^H 

^^K     ILlMCsnw  iM.Wt) 

^^H 

^^B    Vanwliiim  (S1.2} 

lAnthuiitm 

^^^^^^B 

^^B    Buinm  I137.3T) 

yttrium 

^^B    C>ri»D<13.W) 

Ninhium 

^^B.    AaUMHuDi  I'M  1 ) 

MoIytHlriiuni 

^^^^^1 

^^Bl    Yttrium  (00.01 

^^^^^^B 

^^Bk    SrrooiuD)  (^ini 

Mn«ni*iutn  (30  or  mor*) 

^^B 

S.Mlium  (11) 

^^H 

Siliron 

^^^^^^B 

^^K     INiabium  ltt{  A) 

H>'<lm«pii 

^^^^^H 

^^B    IfUbdium  (100.7) 
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24. 

tNeodyniium  (144.3) 

Barium 

25. 

tCopper  (63.57) 

Aluminum  (4) 

26. 

Zinc  (65.37) 

Cadmium 

27. 

Cadmium  (112.40) 

Rhodium 

28. 

Cerium  (140.25) 

Erbium 

29. 

tGlucinum  (9.1) 

Zinc 

30. 

tGermanium  (72.5) 

Copper  (2) 

31. 

tRhodium  (102.9) 

Silver 

32. 

Silver  (107.88) 

Glucinum 

33. 

Tin  (119.0) 

Germanium 

34. 

Lead  (207.10) 

Tin 

35. 

Erbium  (167.4) 

Lead(l) 

36. 

tPotaasium  (39.10) 

Potassium 

Besides  these  thirty-six  elements,  thus  arranged,  it 
has  been  found  that  helium  (4.0)  and  gallium  (69.9) 
certainly  show  solar  lines,  although  helium  lines  are 
hide-and-seek  things,  and  for  some  reason  only  occa- 
sionally appear  as  dark  lines  in  the  solar  spectrum. 
There  also  appear  very  faint  dark  solar  lines,  nearly 
or  exactly  corresponding  in  their  position  to  some  of 
the  strongest  arc  lines  of: 

Table  V. — Chemi-cal  dcfnetUs  doubtfully  occurring  in  the  sun. 


Ruthenium  (101.7),  Indium 

Tungsten  (184.0),  Osmium 

Platinum  (195.0),  Mercury 

Bismuth  (208.0),  Thorium 


(114.8),    Tantalum 
(190.9),    Iridium 
(200.0),    Thallium 
(232.42),  Uranium 


(181.0), 
(193.1), 
(204.0), 
(238.5). 


The  mean  atomic  weight  of  these  elements  is  186.95. 


The  lines  of  the  important  elements  of  the  halogen 
group,  Fluorine,  Chlorine,  Bromine,  Iodine;  those 
of  the  oxygon  group,  Oxygen,^  Sulphur,  Selenium,  and 

'  Since  this  was  wTitton  St.  John  htis  found  that  a  triplet  of  faint 
lines  jittril)UtO(l  to  oxygen  occurring  beyond  A  hi  the  extreme  red, 
shows  rcl;itiv(»  disphicoments  at  tlie  sun's  liinhs.  Hence,  we  must 
proha!)ly  admit  free  oxygen  as  giving  a  solar  spectrum.  Combined 
oxygon  and  combined  nitrogen  give  solar  band  spectra. 
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urium;    tboee  of  the  nitrogen  group,  Nitfogen, 
»Iihoru»,  -Vrsonic,  and  Antimony  (Bismuth  doubt- 
)  do  not  appear  to  have  been  found  in  the  photo- 
ric  Bpeotnmi,  or  in  the  spectrum  of  the  t-hromo- 
Thfe  singular  omission  comprises  nearly  all 
Fthe  pnimincnt  "negative"  elements,  and  Boron, 
rthcr  of  tliem,  U  also  absent  from  the  8oIar  spec- 
Further  remarks  on  ttiis  subject  will  be  made 


"here  ia  considerable  interest  attaching  to  the 
bns  of  atomic  weight  of  the  eiementu  and  the 
intensity  of  their  solar  lines.  Taking  the  thirty-six  ele- 
ments of  the  uitenKitj'  table  in  order,  in  four  groups  of 
nine  each,  the  average  atomic  weights  are  as  follows: 


Elrincuts    I-O,    35.20; 
dements  19-27,  101.27; 


elements  10-18.    64.iH; 
clement*!  28-:M.  1IJ7.'25. 


In  the  last  gnrnp.  aw  thuH  divided,  occur  glucinum 

<)  and  potassium  (39.10).  The  former  has  two, 
the  Utter  one  identified  line.  and.  as  these  lines 
aim  very  weaJc,  it  i»  not  impojwible  that  these  two 
limits  may  by  future  investigation  fall  out  of  their 
MtnuiBe  company.'  If  m,  the  mean  atomic  weight  of 
the  renmining  neven  elements  would  be  131.00.  In 
Group  II  of  this  arrangt-ment  appcarN  carbon  (12.00), 
but,  judging  from  Kayser'a  "  Handbuch,"  the  molar 
^^^■rbon  "  lines  belong  (o  carbon  ctymjwunds  of  high 
^Bbecalar  wci^tt.     Hardly  loss  interesting  than  the 


^KayvT  anil  HtmiR'  quntlim  itu-  c 
thu  phntimphprir  ■ppctnitn. 
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clasfflfication  just  given  is  the  further  fact  that  mi 
of  the  elements  of  the  platinum  group,  and  some  other^ 
elements  of  very  high  atomic  weight  found  commonly 
on  the  earth,  are  only  doubtfully  recognized  in  the 
sun,  although  they  give  strong  lines  in  the  arc.  The 
full  eignificance  of  these  relations  will  he  further  dis 
cussed  in  C'hapter  VI,  but  it  may  be  said  here  that, 
the  explanation  of  the  decrease  of  intensities  with 
creasing  atomic  weights  seems  to  depend  on  the  depi 
of  these  gases  below  the  sun's  surface.  We  may  sup- 
pose that  the  interesting  elements  radium  and  ura- 
nium might  not  produce  lines  in  the  solar  spectrum, 
even  if  these  elements  exist  in  the  sun,  because 
their  high  atomic  weights. 

The  element  oxygen  undoubtedly  exists  in  the  sun 
because  the  (lutings  of  titanium  oxide  are  very  prom- 
inent in  sun-spot  spectra.  It  might  be  anticipated 
that  the  well-known  oxygen  lines  themselves  would 
be  found  in  the  photospheric  spectrum  if  it  were  not 
that  the  earth's  atmosphere  itself  contains  so  much 
oxygen  as  to  produce  such  intense  oxygen  lines  that 
solar  effects  are  unrecognizable,  However,  photo- 
graphs of  the  spectra  of  the  two  n|iposite  limbs  of 
the  sun  show  the  negative,  for  in  these  spectra  all 
solar  lines  are  displaced  by  Doppler  effects,  but  the 
well-known  oxygen  lines  show  none.  Nitrogen,  also 
found  plentifully  in  the  earth's  atmosphere,  behaVes 
similarly.  It  is  a  peculiar  feature  of  the  solar  spec- 
trum that  very  few  of  the  so-called  negative,  or  non- 
metallic,  elements  are  recognized  from  it.  Thus,  th( 
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lortant  huloReu  group  of  elements,  which  includee" 

iiiiiou  elpmetits  an  Murine  and  bromine,  i« 

tf-foftiiissed.     So  also  with  the  important  element 

phur.    Those  otm»sions  arc  very  remarkable  and 

t  yet,  I  think,  well  undersIofKj. 

However,  it  Is  found  frtviueiitly  in  the  Iabomt«ry 

lit  the  speclnim  of  a  mixture  or  compound  of  two 

kenln  in  apt  to  show  one  of  them  prtrdnminalingly, 

§.e\'eii  alooc.    Espeeially  does  a  metal  thus  oft«n  cx- 

e  a  nonmetal.  But  yet  oxygen  and  helium,  which, 

iftuKh  oxislinR  in  the  «iui,  are  of  slight  effect  in  the 

r  spectnim,  are  very  prominently  in  evidence  in 

>  spcclra  (if  many  of  the  Htars.    Since  (ixygcn  is 

junly  present  in  sun  ni>ota  un  an  oxide,  and  nitro- 

1  a.<4  cyanogen,  though  they  do  not  give  thejr  ehar- 

aiitir  Uneii  at*  elementK,'  the  other  eleineut«  juitt 

ntintked  may  aUi  l>e  -present  in  the  nun  without 

5  their  spectral  lines. 
lome  of  the  "unknown,"  Uncs*  have  now  been  as- 
I  to  their  npproprinte  elements,  but  mon*  than 
f  of  Rowland's  lines  are  still  unidentititHl.  A  large 
mber  of  thesio  are,  however,  very  weak.  It  is 
^bsUe  that  within  the  next  decade  many  of  them 
B  be  identified,  either  with  «park  or  arc  upectra. 

rtiom  to  RouAand'x  Wave  l/engths. 
pt  has  been  (>hown  that  tho  wave  IcnKtlis  atwtgiied 
f  Rnwland  must  be  altered.     His  system  is  ba.ted 


'Tbiwt  (alat  UiiM  aiiiihutnl  to  fwyjcm 
n  In  •olai'.    Sm  note  on  prm^init  x^ap- 
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on  measurements  by  several  observers  of  the  wave 
length  of  the  yellow  sodium  lines.  Measurements 
by  the  interferometer  in  the  hands  of  Michelson, 
Fabry,  Perot,  Buisson,  and  other  experimenters 
have  shown  that  Rowland's  assumed  wave-length  at 


D  should  be  reduced  by  about 


1 


This  change, 


30,000' 

though  considerable  as  wave  lengths  go,  would  be 
of  little  consequence,  if  Rowland's  system  was  self- 
consistent.  But  it  is  further  shown  that  the  differ- 
ence from  the  true  scale  differs  for  different  parts  of 
the  spectrum  about  as  follows: 

Table    VI.     Correctiomt  to  wave  lengths  in  Rowland's  Preliminary 
Table  of  Solnr-Specirum  Wave  Lengths. 


Wave  lengthH 

3000 

3200 

3400 

3600 

3700 

3900  4100 

4300 
-.161 

4500 

4700 

Corrrctions 

-.106 -.124 

-.148 

-.155 

-.140 

-.144 

-.152 

-.172 

-.179 

Wave  Icngtha 

4900 

5100 

5300 

5400 

5600 

5800 

6000 

6200 

6400 

6500 

Corrections 

-.170 

-.170 

-.172 

-.212 

-.218 

-.209 

-.213 

-.212 

-.209 

-.210 

These  discrepancies  are  to  be  ascribed  largely  to 
certain  deficiencies  of  the  grating  as  a  means  of 
measuring  wave  lengths,  and  not  to  avoidable  inac- 
curacy of  Rowland's  work,  although  he  neglected 
certain  small  corrections  not  strictly  negligible.  An 
effort  is  now  (1910)  being  made,  with  international 
cooperation,  to  establish  a  consistent  and  highly 
accurate  system  of  wave  lengths.  The  results, 
while  not  yet  officiall}'  announced,  can  hardh^  differ 

9(1 


^^Kirrcifihly  from  thot<e  indicated  in  th<>  above  table 
^^BeorrrctinnM  tu  Kuwland's  wuve  k-iigthi^. 
^^|aii  atTurate  table  of  ^olar  wave  lengths  and  of  the 
irave  le-OKtlus  of  the  lines  of  all  the  chomipal  elements 
ooiwtituto^  the  fundamental  groundwork  of  all  mod- 
em spectroscopic  invoHtigalinn.  What  the  great 
star  catalogua*  are  to  astronomy,  the  wave  length 
tabled  are  to  afitrophysioH.  On  them  are  based  in- 
vertigationa  of  inotioo  and  preswure  in  the  fun  and 
utan*.  of  the  elements  present,  Ihe  magnetif  fields 
n-bich  exist,  the  poasibilily  of  anomalouj*  dwpcrsion 
phenomena,  and  other  nolar  and  stellar  conditions. 

Levkla 
I  the  general  spertriini  t)f  the  wtlar  photusphen^ 
i  have  an  index  of  e<imlil  ions  whieh  exist  in  a  layer 
prartically  at  the  surface  of  the  !<un,  for,  as  tthowo  by 
terrestrial  experiments,  it  takes  only  a  Itttle  of  an 
ah«irbiiig  ga!>  to  produce  n  dark  line  in  the  s|M.H^trum. 
But  it  U  thought  that  a  differenre  of  average  level 
exutx  in  the  positions  of  the  layers  whieh  produce 
Udc«  of  difTerent  elements,  and  even  different  linex  of 
the  nine  clemeDt.  The  layer  of  the  sun  which  gives 
rite  to  the  dark  Fraunhofer  line*,  though  thin  rela- 
tively to  the  sular  radius,  may  yet  be  thought  of  as 
made  up  of  several  layers  of  difTering  Icvi?l.  Cnlnium 
lines  are  thought  to  represent  a  higher  level  thiin 
tma  lines,  and  hydntgen  liritw  one  titill  higher.  Vet 
I  the  longer  wave  lengths  are  often  more 
i  emitted  by  an  element  than  the  shorter  onn<. 


that  is,  are  emitted  at  lower  temperatures,  it  may  t 
that  a  red  line  of  an  element  on  the  whole  represents 
a  higher  level  than  a  violet  line  of  the  same  element. 
The  continuous  background  of  the  solar  spectrum 
represents  a  lower  average  level  than  any  of  tlie  spec- 
trum lines,  an,  of  course,  follows  from  Kirchhoff  and 
Bunsen's  principle.  However,  the  continuous  back- 
ground offers  less  opportunities  of  investigation 
than  the  lines,  so  that  less  can  be  learned  of  the 
levels  it  represents  than  of  the  so-called  "reversing 
layer"  where  the  lines  are  formed.  The  lines  them- 
selves are  not  to  be  regarded  as  dark  except  by  con- 
tract. If  seen  against  a  black  ground  they  would  be 
dazzlingty  bright,  but,  as  they  are  formed  in  the 
outer  and  cooler  layers  of  the  sun,  they  are  less 
bright  than  the  spectrum  background  against  which 
they  are  seen.  The  light  of  the  deeper  solar  layers 
cannot  get  out,  if  it  is  of  a  wave  length  where  great 
absorption  occurs,  as  is  the  case  in  the  Fraunhofer 


Pressures 
The  effect  of  pressure  i.'!  two-fold.  It  broadens 
lines  and  shifts  them  in  wave  length.  Generally  the 
effect  is  the  same  whether  a  gas  is  compressed  by  a 
like  or  a  foreign  mass  of  gas.  Pressure  shifts  can  be 
distinguished  from  velocity  shifts,  because,  while  the 
former  increase  on  the  whole  with  increasing  wave 
length,  they  affect  different  hues  of  the  same  ele- 
ment and  of  different  elements  with  shifts  of  quite 
arbitrarily  differing  amounts,  and  some  lines,  indeed, 
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are    pracUtsUly   unaffected;    velocity   causes   shifts 

wliicb  tUffer,  it  i»  true,   in   tlifff-'reiil    parts  of   Uie 

Hpectrum.  but  which  are  directly  proportional  to  the 

wave   lengths.     Several    iiiveotinations   have   been 

tnadr  to  detemiine  the  pressures  prevailing  in  the 

Rveraintt  layer.     Jewell,  in  1S9G,  by  examination  of 

^^■pting  npectra.  found  that  for  most  solar  lines  the 

^^Bve  lenglhH  arc  greater  by  a  few  thousands  of  an 

^Tuiptlrdm  than  the  eorresponding  lint's  in  the  arc 

qiectnim  at  atmoHpheric  pressure.     He  found,  to  he 

anre,  many  anomaliM  which  tended  to  throw  doubt 

Kthe  explanation  of  these  shifts  aa  due  to  pressure, 
the  fnllim-ing  estimates  of  the  pressure  in  the 
erdnK  layer  arc  given  by  Jewell,  \tohler,  and 
HumphreyR:* 


"isc- 


un  nh&t  grnup  iif  lina 
•,  ur  iiul  Udiulnl,  nor  u 


!n  1909  Fabry  and  Buisson  examined  numerous 
iron  lines,  mostly  between  wave  lengths  4,0()l)  and 
4,500  Angstrunw,  by  iut«rfpjcncc  methods,  and  dis- 
ro^Tred  nnall  shifts  in  the  same  sense  as  found  by 
Jewel!.  They  aUo  invcwtigaled  the  behavior  of  the 
aoomaluus  cases  and  explained  them  as  due  to  un- 
qmunetrical  bruadening  under  pressure.     They  con- 
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eluded  that  the  solar  reversing  layer  for  iron  iin 
lies  under  a  pressure  of  5.5  atmospheres.  Eversh<f^ 
however,  criticises  their  interpretation  of  the  behw 
ior  of  the  anomalous  lines,  and  thinks  the  evidei 
tends  to  show  that  the  pressure  is  less  than  one  atmfli 
phere. 

Convection  Currents 

Some  recent  measurements  of  Adams  indicate 
velocities  of  ascent  of  from  0.1  to  0.3  kilometers  per 
second  in  the  solar  layer  where  the  metallic  absorp- 
tion lines  are  formed.  This  seems  at  first  sight  hard 
to  accept,  because  what  goes  up  mu.st  surely  come 
down  again,  so  that  we  might  suppose  there  would  be 
!is  much  of  a  Doppler  effect  of  descent  as  of  ascent. 
But  in  this  connection  we  must  consider  the  temper- 
atures of  the  ascending  and  daseending  currents, 
Adams  refers  to  unpublished  experiments  of  Fox 
which  indicate  the  brighter  areas  or  "granulations" 
of  the  sun's  surface  as  yielding  a  spectrum  strong 
in  "enhanced"  or  high  temperature  lines,  and  the 
darker  spaces  or  "pores"  between  as  regions  of  "arc" 
or  low  temperature  Unes.  Adams  finds  the  "en- 
hanced" lines  indicate  maximum  velocities  of  ascent. 
He  argues  that  the  spectrum  would  be  predominat- 
ingly influenced  by  the  hotter  and  brighter  parts,  and 
as  these  are  shown  to  be  ascending  the  whole  spec- 
trum would  hence  be  indicative  of  ascent.  Evershed 
had  advanced  a  similar  argument  in  1902  to  account 
for  peculiarities  of  the  "flash  spectrum." 

It  is  to  be  supposed  that  vertical  circulation  i 


THE  PHOTOSPHERE 

ictive  in  the  sun  because  the  interior  in,  of  courw, 
than  the  exterior;  iHr  latter  it;  continually 
I  by  radiation,  and,  being  thereby  made 
Bid  tend  to  fall.  Velocities  of  0.1  to  0.3 
tper  aecond  are,  to  be  Rure,  greater  than 
By  winds  wo  know  of  on  the  earth.  On  the 
CMlh,  moreover,  the  vertical  circulation  and  the 
winds  ue  to  a  large  extent  due  to  the  variable  tcm- 
pcrsture  conditions  depending  on  the  changes  from 
day  to  night  and  from  summer  to  winter.  At*  the  sun 
has  oeitbcr  night  nor  day,  summer  nor  winter,  it  w 
ta  be  regarded  rather  as  having  approximately 
mcbed  a  steady  state  of  afTuirs;  but  still,  in  cvti- 
sideratioo  of  the  nun's  enormous  (emperalure.  Mr. 
Adanw'  rcBultA  give  no  cauHc  for  sun>nM>. 
^^-^  .lohn  has  MtUI  more  recently  publiiihcd  a  bt>auti- 
^Hk  accurate  .study  of  the  ■li-splacementi^  of  the  cal- 
^^Bn  lines  H  and  K,  and  of  Uie  calcium  circulation  to 
^M  inferred  thereby  in  the  sun.  He  dLstinguii^hes 
three  parts  of  each  of  these  broad  linen,  which  he  in- 
dicates by  the  subscripts  1,2,3.  Ka  is  the  narrow  dark 
lino  in  the  center,  Ki  the  bright  lines  on  either  edge  of 
Ka,  and  K]  the  dark,  broad,  difTu^e  edges  on  the  out- 
aidas  o(  the  K(  region.**.  Similarly  for  H,  St.  John 
eandudee:'  "The  calcium  vapor  pnxlucing  the  nb- 
nrption  bond  Kj  in  the  solar  spectrum  has  a  descend- 
ing motion  over  the  general  surface  of  the  mm  of  1 .  1 4 
kilometers  per  second  in  the  mean.  .  .  .  The  cul- 
dum  vapor  to  which  the  bright  emiasioD  line  Kg  is 
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due  has  an  ascending  motion  over  the  general  surfi 
of  the  sun  of  J. 97  kilometers  per  seeund  in  the  mean. 
.  .  .  The  wave  lengths  of  K^  (mean  of  both  parts  of 
Kj)  and  Kg  reduced  to  the  limb  are  3933.667  and 
3933.665  respectively.  The  corresponding  wave 
length  in  the  arc  at  atmospheric  pressure  Ls  3933.667. 
The  mean  pressure  in  the  intermediate  emitting  layer 
is,  therefore,  approximately  one  atmosphere.  .  .  . 
The  shorter  wave  length  of  the  K3  line  may  be  inter- 
preted as  indicating  a  somewiiat  lower  pressure  in  the 
upper  absorbing  layer,  though  the  smallness  of  the 
quantities  involved  does  not  permit  a  positive  con- 
clusion. ...  In  the  case  of  the  intermediate  and 
highest  levels  of  calcium  vapor  [there  is  indicated  an] 
absence  of  currents  of  appreciable  velocity  parallel  to 
the  solar  surface.  .  .  .  The  widths  of  the  H3  and  K3 
lines  at  the  center  [of  the  disk],  compared  with  the 
corresponding  widths  in  the  arc,  point  to  an  extremely 
small  quantity  of  the  calcium  vapor  in  the  \ipper 
levels  of  the  solai-  atmosphere.  .  .  .  The  average 
appreciable  height  of  the  atmospheric  calcium  shown 
by  a  radial  sUt  is  about  5,000  kilometers  above  the 
photosphere.  The  thickness  of  the  upper  absorbing 
layer  is  approximately  1.500  kilometers.  -Allowing 
700  kilometers  for  the  reversing  layer,  the  emitting 
layer  would  have  a  thieknes.s  of  approximately  3,000 
kilometers.  The  elevation  at  which  the  K  line  is 
appreciable  is  about  500  to  600  kilometers  above  the 
level  at  which  the  H  line  ceases  to  show. . . .  The  shift 
between  limb  and  center  is  0.015  Angstroms  for  the 
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Tfa  line,  and  in  agreement  wHth  that  obtained  for  the 
Ka  line." 

An  tatcfCMtinK  reeult  on  the  rotation  of  the  sun  as 
mettsural  by  the  line  Kj  will  be  given  below. 

It  ID  by  no  means  to  be  supposed  that  the  fact  of 
the  enormous  tramrfej  of  heat  from  within  the  gase- 
ou«  bdily  of  the  HUn  to  iJio  exterior,  to  supply  that 
wliirh  is  l'>*t  by  railialion  to  space,  requires  us  to 
IniaRinc  a  stmng  vertical  circulation  to  carry  it  on. 
Al  low  temperatures,  as  for  instance,  between  a  body 
at  boiling  temperature  and  one  at  freezing,  convec- 
tion a  rather  raoro  imptirtant  than  radiation  a^  a 
nwttiu  of  tranitferring  heA( ;  but  this  is  .probably  not 
the  case  at  the  lernperiitures  prevailing  within  the 
mm.  For  nulialion  iuoreases  with  the  fourth  jKiwer 
of  the  leniperutiire,  and  convection  by  no  meann  at 
tuch  a  tramnndoufl  rate  of  Increase.  Hence,  as  the 
matertfti  of  the  nun  in  probably  tnuwparcnt,  we  must 
Mjppoee  that  the  heat  from  within  the  !«un  becomott 
available  at  the  surface  to  supply  the  losses  of  energy 
by  radiation  to  space  chiefly  by  a  proce«w  of  internal 
radiation,  gradual  absorption  in  a  long  path  outward, 
and  reradiation  nearly  coun(«rbalanctug  the  abi^orp- 
tion.  This  process  Is  repeated  as  many  times  as  nec- 
eanry,  and  except  for  the  very  »hort  time  occupied  by 
absorption  and  reradiation,  is  performed  at  velocities 
f  ISti.tXH)  miles  a  necond,  and  pruduceH  quick 
munication  of  energy  from  within  outward.' 

r  tkbwartsdiiKI.  "  L'Hirr  <Im  GU-icliRpwicbt  Jcr  Sunnnulmo^ 
_>nS<idtr..MaHiiihyii.Kt;ima,pp.l-l3    Prof. T.J.J. 
»  Ulus  thii  vinr  of  th«  funetion  of  iDtivnal  mIu  ndlAUoti. 
«  1U3 
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^^B             If  we  admit,  that  Adams  has  shown  an  effeetiv^H 
^^H         velocity  of  ascent   averaging  0.12   kilometers  per 
^^M         second  and  the  shifting,  thereby,  of  average  solar 
^H         lines  of   wave  length   4200  by   0.0015   Angstroms 
^^m         toward  the  violet,  then  a  correction  must  be  appUed 
^H         to  Fabry  and  Buisson's  results  tending  to  increase  by 
^H          one  atmosphere  the  supposed  pressures  in  the  laJm 
^H          versing  layer.    Adams  has  investigated  by  a  purdjIH 
^H          difTerentia!  method  the  shifting  of  Unes  between  the 
^H          center  and  limbs  of  the  sun,  and  finds  that,  after 
^H          correcting  his  results  for  this  supposed  velocity  of 
^H         ascent,  there  remain  in  the  spectra  of  the  hmbs  well- 
^H         substantiated  displacements  towards  the  red,  which 
^H          are  best  explained  by  ascribinfj  them  to  effects  of 
^H          pressure.'     Hydrogen,   sodium,   calcium,  and  mag- 
^^1          nesium  lines  show  almost  no  displacement.     Lines  of 
^B          titanium,  vanadium,  and  sc:indium  show  moderate 
^H          displacement,  and  those  of  iron  and  nickel  eonsider- 
^"           able  shifts,  averaging  .007  Angstroms.     Lines  of  the 
elements  of  high  atomic  weight  show  very  small  dis- 
placements, as  do   also  lines  strengthened  at  the 
^B            limb.     Enhanced  lines,  as  a  class,  show  maximum 
^1          displacements,  which  apparently  grow  with  the  de- 
^H          gree  of  enhancement  of  the  several  Unes.     These,  at 
^H          first  sight  highly  discrepant,  observations  harmonize 
^H          beautifully  under  Adams'  clever  discussion,  which  we 
shall  reserve  till  we  come  to  the  chapter  on  solar 
theory.     Adams  confirms  Fabry  and  Buisson's  ob- 
servation that  the  violet  edges  of  lines  do  not  shift. 

^m^mm^ptnlr^naiont  of  the  Mount  Wilaon  Solar  OUervatory,  No.  4a^H 

^^^Remect 
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BqMCtrumof  the  sun's  limb  i»,  as  would  be  i^x- 
pected  from  the  gfjieral  <larkening  of  the  sun  towards 
the  limb,  weaker  thaii  that  at  the  center.  In 
vkilet  light  eight  or  t^n  time;*  as  long  photographic 
expopiire  in  required  for  the  limb  as  for  the  center. 
This  nttic)  ')s  reduced  to  four  or  five  for  red  light. 
But,  besidem  thw  general  effect,  the  Fraunhofer  lines 
are  much  altered,  eMpecially  in  the  violet.  The 
itioager  tines  almost  completely  lose  their  side 
^^fyf'"g'  or  "vringH"  in  the  limb  Hpcetnim,  while  in 
SQD-spot  fipectra,  ns  we  shall  see  in  Chapter  V,  the 
winits  have  increawed  pnmiinence.  As  again.it  this 
morketl  difference  from  spot  spectra,  the  limb  spec- 
irum  is  like  that  of  Kpoti^  in  having  similar  changes 
of  relative  inlciwily  i)f  lines,  wi  that  lines  strengthened 
in  spot«  are  strengthentMl.  though  in  less  dt^ee,  at 
the  limb,  and  vice  vema.  .Vs  in  the  ttputK,  the  w>- 
called  spark  or  "enhanced"  liijcs  are  often  weakened 
al  the  limb.  The  H<»  line  of  hydrogen,  on  the  con- 
trar>-,  is  wiilened  and  perbaps  strengthened  at  the 
Bmb.  although  narrowed  and  weakeneil  in  spots. 

Vabution'  or  the  Svrs's  Bhightsess 


t^n  of  the  brigbtnt^sM  of  the  ^un  from 
r  to  limb  is  much  more  reailily  determined 
by'tfie  Ootometw  than  by  the  photographic  phtte. 
Fif.  25  abom  the  distribution  of  brightness  along  a 
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diameter  of  the  sun's  disk  for  rays  of  different  wa^ 
lengths.     The  reader  will  notice  how  great  the  con- 
trast in  brightness  between  center  and  edge  is  for 
the  shorter  wave  lengths.      This  fact  is  also  shown 
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by  the  following  table,  which  gives  the  brightness 
at  different  percentages  of  a  solar  radius  from  the 
center  of  the  solar  disk,  and  with  which  the  data  of 
Figs.  25  and  2G  agree. 
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Following  the  IJnw  of  the  table  from  left  to  right, 
the  reader  may  m>1«  the  decnau*  of  liriKhtneiw  fmni 
the  center  of  the  »uti  to  95  per  cent  of  the  radius  nut- 
ward'.  The  reeultfl  are  arranged  vertically  in  order 
of  wave  length,  and  the  numbcra  have  been  m  ad- 
justed that,  by  taking  any  single  vertical  colunin,  as 
for  instance,  that  for  75  per  cent,  out  on  the  radiiiit, 
the  reader  may  find  for  a  Hiiigle  zone  of  the  »un  the 
dbftiibution  of  brightneHtt  on  a  uniform  »cale  of  wave 
lengths. for  the  nonimi  sjwctruni  oul»idf  the  earth's 
atinoi9>bc!re.  The  data  an  n^anls  distribution  along 
the  ndhM  for  wave  length  0.323m  are  from  rMultit 


*TbM«  b  ■  fmilmi-y  of  nil  the  duto  |>luttnl  ii 
m  rapid  ttlX  of  liriithtnfM*  from  0.1  tn  VT  per  rrn 
MB  would  hf  fipTKtvd.     ThU  may  be  duo  lo  rr 
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of  Rchwartzchild  and  Villager,  who  obtained  them  by 
photographing  the  solar  image  formed  by  a  silvered 
lens.  The  remainder  of  the  data  are  from  the  bolo- 
metric  results  of  Abbot  and  Fowle. 

In  the  preceding  table  the  maximum  number  in 
each  vertical  colunm  \»  incUcated  by  black-faced 
type.  But  the  wave  length  intervals  are  not  small 
enough  to  show  accurately  in  this  maimer  the  amount 
of  shifting  of  the  wave  length  of  maximum  radiation 
for  light  coming  from  greater  and  greater  distances 
from  the  center  of  the  sun's  disk.  By  means  of 
plotting  the  values,  we  find  that  the  true  wave 
lengths  of  maximum  intensity  are  as  given  in  the 
lower  line  of  the  table.  This  .shows  a  shifting  of  the 
maximum  of  radiation  from  0.458/*  at  the  center  of 
the  sun's  disk  to  0.505/*  at  95  per  cent  out  on  the 
radius.  We  shall  see  that  a  similar  shifting  of  the 
wave  length  of  maximum  radiation  occurs  between 
the  photosphere  and  the  umbra  of  a  sun  spot.  The 
dotted  curve  of  the  accompanjing  Fig.  26  shows  the 
distribution  of  radiation  in  the  spectrum  for  light 
of  the  whole  sun's  disk  as  it  would  be  if  viewed 
outside  the  earth's  atmosphere.  Similar  curves 
lire  given  also  in  Fig.  26  for  the  center  of  the 
sun's  disk  and  for  points  55,  82.5  and  95  per  cent 
of  the  radius  towards  the  limb.  No  account  is 
made  in  the  figures  of  the  Fraunhofer  lines  sepa- 
rately, although  collectively  they  doubtless  affect 
the  forms  of  the  curves,  especially  for  the  shorter 
wave  lengths. 
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SOLAB   TeMPERATUHES 

ie»«  6ve  energy  curves  of  Fig.  26  are  of  inter- 
thcy  iiKlicate  tlic  probable  temperatures  in 


pbotOi>pherp.      From  WienV  dwplarement  Iflw 

^  T  -  2tWn)  pvpii  in  Chapter  11,  we  nuiy  find. 

^  mibBtiiuting  the  vulueti  iiKlu-AtiHl  for  ^»i.  the 
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values  of  the  absolute  temperatures  for  which  a  p( 
feet  radiator  would  give  the  same  wave  lengths  of 
maximum  radiation.     The  values  are  given  in  Table 
VIII. 

Furthermore,  as  the  five  curves  of  Fig.  26 
plotted  with  ordinates  proportional  to  intensities,! 
and  abscissffi  proportional  to  wave  length,  their 
eluded  areas  are  proportional  t«  the  intensities 
the  emission  of  all  wave  lengths  combined,  as  emitted' 
from  the  selected  regions  of  the  sun's  disk.  If  the 
total  emission  is  comparable  to  that  of  a  perfect 
radiator,  then,  by  Stefan's  law,  it  is  proportional  to 
the  fourth  power  of  the  temperature  of  the  emitting 
body.  Hence,  the  fourth  roots  of  the  areas  included 
by  the  five  given  curves  should  be  in  inverse  ratio 
the  wave  lengths  of  maximum  emission.  The  fol 
lowing  table  shows  in  its  fourth  and  sixth  lines  hoi 
the  matter  comes  out: 


the  sun's 

dUk. 

POSITIIIM. 

Whols 
Diak. 

Cuter. 

sa% 

825% 

««; 

Wave  lengthot  inax- 

0  m4S8 

0  frfSS 

0.M71 

0,m483 

2930 

6260° 

8400° 

6220= 

8070° 

6800- 

Ralioabymawmum 

1.079 

1,104 

1  073 

1.047 

1,000 

RatioBof  Areaa-   . 

1.407 

1.620 

1  476 

1,249 

1  000 

Ratioe    by    fourth 
roots  of  areaa  . . . 

1  090 

1.128 

1  102 

1,057 

1.000 

'On  the  ahsolute  acale  of  Centigrade  degreee  w&ter  freeiea  at 
273°  and  boils  at  373°. 
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greatest    disagreonieut    between    the    ratios 
maximum  and  thmiigh  the  fourth  roots  of 
about  2H  P*>r  c^ut- 


Steomi  MeOuHi. 

Another  method  of  estimating  the  probable  solar 
teniperuture  in  by  attempting  to  match,  an  well  as 
poRsible,  the  distribution  of  tuergy  in  the  whole 
ran^  of  wilar  spectnim  with  the  dintribution  compu- 
ted by  the  Wien-Planck  formula  given  in  ('hai)ter 
11.  Referring  to  Fig.  17,  the  reader  will  find  in 
cur\-e«  B  and  A  the  distribution  according  to  Wicn- 
riaiick  in  the  spectrum  of  a  pcKect  radiator  at 
"  and  7(X)0*  C  absolute,  and  ali^o  in  curve  C  the 
r  spectrum  for  the  Kprural  Holar  surface.  No 
numt  in  ninde  in  (he  coniputution^  of  tli<-  relative 
»  of  the  conntanl  r,  and  the  wjlnr  rouftatit  of 
iation.  The  62(X)''  t-urve  hiL-*  Ikvu  r»'iH?utcd  at 
""H*  on  a  larger  scale  of  ordinate**,  and  the  obser\'ed 
rur\'e  aim)  rep<>ated  at  (Y  on  a  scale  nearly  matching 
tliat  of  B'.  The  observed  curve  falls  below  the  com- 
puted ones  in  the  ultra-violet,  but  this  diwrepancy  is 
In  be  expected,  partly  because  the  ultra-violet  solar 
spectrum  is  crowded  with  lines  of  selective  absorp- 
tion. 

On  the  other  hand,  the  observed  cur\'e  risen  above 
th«  computed  ones  in  the  infra-re<l,  a  feature  to  which 
PrufosHor  Bigolow  has  repeatedly  called  attention. 
It  han  just  been  aaid,  and  it  will  be  spoken  of  at 
greater  length  in  Chapter  VI,  that  the  rays  from  the 
lU 
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^H         center  nf  the  sun's  disk  seem  to  arise  from  a  source  uH 
^H         higher  temperature  tlian  those  emanating  from  the 
^^1         sun's  Ibiib.     In  accordance  with  the  explanation  of 
^H         this  phenomenon  which  will  be  advanced  in  Chapter 
^H         VI,  it  would  be  ej£i>ected,  also,  that  solar  rays  of  long 
^H         wave  lengths  would  appear  to  come  from  sources 
^H         of  higher  temperature  than  would  those  of  shorter 
^H         wave  lengths.     If  so,  we  shall  thereby  understand 
^H         why  the  infra-red  parts  of  curves  C  and  C  (Fig.  17) 
^H         rise  above  curi'es  A,  B  and  B',  respectively,  for 
^H        curves  C  and  C  do  not  represent  the  spectrum  of  a 
^^m        source   at    constant    temperature.     Their  infra-red 
^^M        parts  correspond  to  much  hotter  sources  tlian  do 
^H       their  visible  and  uItra-^^olet  parts.'    It  is  G\'ident, 
^H        however,  that  the  7000°  curve,  except  in  the  ultra- 
^H        violet,  is  a  better  match  for  the  observations  than  the 
^^P        6200°  curve.     The  large  discrepancy  in  the  iiltra- 
^H        violet  is  probably  due  in  part  to  the  general  tendency 
^H        toward  lower  temperature  in  the  sun  for  short  wave^^ 
^H         length  rays,  but  far  more  to  the  throngs  of  Fraunhofs^B 
^H         lines  in  that  region  of  spectnun.  which  thovigh  n«^H 
^H        shown  separately,  very  greatly  affect  the  form  of  tl^H 
^H        curve.                                                                             ^H 

^"          Third  Method.                                                               ™ 
Pointing  seemingly  to  a  lower  solar  temperature 
than  those  we  have  considered  are  the  following 

'The  accuracy  of  the  observed  curve  for  wave  lengths  beyood 
2ji  ifl  snriounly  impMred  by  the  elTec't  ot  terrostriu,!  watiT  viipor.  so 
that  no  nonclusion  should  Iw  drawn  from  tlic  tacl  of  Ihe  falling  (^^^ 
of  the  curve  in  this  region.                                                                     J^l 

tTilE   PIlOTOSfllKRH 
if.     :\i>  recently  done  for  a  \tiTgc  number  of  h 
by  WiUing  and  Scheiner,  we  may  rompute  the  ap- 
nt  temperature  of  the  sun  by  the  formula: 


--■^'-^-IVi). 


•  El  and  Ej  ore  the  intensities  of  enei^  at  two 
mve  lengthi*  \   mid  \,   Cj  a  ronstant  for  which 
Mtod  Schciner  prefer  the  value  14200,  and  T 
Bte    C'«nttgrade    temperature.     Taking    a 
'  values  of  the  intensity  within  a  given 
(rave  lengths,  and  proceeding  according  to 
the  method  of  le-a«it  Hquares,  I  find: 


5142*      C'JOO" 


The  falUng  off  of  coniputctl  tcmneratures  for  long 
wave  length  rays  is  due  to  the  fai-t  that  the  observed 
curve  of  Fig.  17  rises  Icsh  rapidly  fn)ni  the  infra-red 
towordni  shorter  wave  length.i  (han  docj*  the  62(K)'' 
curve,  and  far  less  rapidly  tlian  the  7000°  curve. 
■  But,  as  we  have  said,  and  in  accordance  with  a  line 
of  explanation  to  be  pven  in  Chapter  VI,  we  may 
BMume  that  tm  the  wave  Ivngtli  decreu;w;»  the  effec- 
tive aotxree  of  radiation  approaches  the  exterior  of 
the  sUD,  and,  therefore,  i^  cooler.  Hence,  althcnigh 
the  effective  temperatures  of  emission  for  the  infra- 
red rays  are  pmbably  exceeding  7000°,  the  observed 
energy  curve  does  not  ri^  towards  il^t  maximum 
from  the  infm-red  ride  as  fa^t  as  doe:*  the  7QW 
113 
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curve,  because  each  successive  shorter  wave  length 
is  emitted  from  a  lower  average  temperature  than  its 
next  longer  neighbor,  and  is,  therefore,  less  intense 
than  it  would  otherwise  be.  In  the  ultra-violet, 
however,  we  may  consider  the  temperature  of  eflfec- 
tive  emission  not  only  apparently,  but  really  far  be- 
low 7000°,  on  accoimt  of  the  superficial  region  of  its 
origin. 

On  the  whole,  the  preceding  review  of  the  form  of 
the  solar  energy  curve  inclines  us  to  set  the  average 
temperature  of  the  photosphere  certainly  above 
6200°,  and  possibly  near  7000°. 

Fourth  method. 

It  will  be  shown  in  Chapter  VII  that  the  intensity 
of  solar  radiation  at  the  earth's  mean  distance  from 
the  sun  is  1.05  calories  j)er  scjuare  centimeter  per 
minute.  From  Stefan's  law,  with  Kurlbaum's  con- 
stant (see  Chapter  II),  a  perfect  radiator  emits  XSi^y 
ant  energy  from  each  square  centimeter  of  its  surfSSS 
at  the  rate  of  76.8  X  lO'^^T*  calories  per  minute. 
The  radius  of  the  sun  being  696,000  kilometers,  and 
the  mean  radius  of  the  earth's  orbit  149,560,000  kilo- 
meters, we  would  have  the  following  equation  for  a 
perfect  radiator  of  uniform  absolute  temperature  T 
in  the  sun's  place: 

(696,000)-  X 76.8  X 10  '"T^  =  (149,560,000)^  X  1.95 

From  this.  T  =  5860°  absolute  (\  As  this  value  falls 
below  those  obtained  previously,  we  may  suppose  the 
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(b's  ronstiiiir.  (if  (!iuii*sion  is  a  little !«« than  that  of  a 
rfect  radijitor. 
X  'obsen'ation  which  may  be  regarded  m  eon- 
|rof  the  view  that  the  photosphere  falls  some- 
i  of  perfect  radiating  power  is  stated  by 
I  u  follow?!:' 
"Wlien  Mime  nf  the  very  Ijest  negatives  of  the  noIar 
Ktruni  are  earefuUy  examined,  it  is  fuund  that 
!  of  the  sharp-edged,  clean-eiit,  and  unshaded 
I  of  iron,  chnmiinm,  manganese,  titanium,  etc., 
iar«  a  faint,  <lark  ;«hading  just  ouLsidc  the  edge  of  the 
linp.  It  is  very  faint  and  diffieull  to  obwerve  (only 
sUxhtly  darker'  than  t\w  lo-iionil  ImekKrouiid  of  tlii> 

t'  (ipc«trum),  but  it  is  not  due  to  eontra'^t,  an  it  in 
always  preeent.  It  is  a  difficult  oliMT^'ation  to 
e,  but  wa«  obser\'od  soineliine  before  the  explan- 
ation forced  itself  upon  me.  The  corroct  explanation 
undoubtedly  Is  that  this  faint,  dark  shiuling  (dark  in 
the  negative  loverbright  in  the  spectrum])  is  the  re- 
mains of  an  emitHion  Une,  either  produced  at  the 
ihere  or  lower  down  in  the  solar  atmosphere 
1  the  abfiorption  line. " 
!  interesting  observation,  which  ha«  been  con- 
by  Evershed.  appears  to  indicate  that  the 
Ntpbcric  ratliatiiin  in  gi-neral,  though  undoubt- 
f  eoming  from  hot  tcr,  because  deeper,  layers  than 
Braytt  within  the  influence  of  the  Kraunhufer  lines, 
I  lacks  anmething  of  the  full  intensity  of  perfect  or 

*  A^nplilltiealJoiimal.  vol  in,  i<  M.  IKM. 

*  Uulnr  in  the  iM|tiiti\T-,  tirinhtpr  in  thr  •pMlntm. 
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"black-body"  radiation.  For  thus  it  might  occur 
that  deep-lyiag  Ij'et  not  the  deepest  lying)  metallic 
vapors  would  give  in  tlie  immediate  proximity  of 
their  lines  of  powerful  selective  emission  a  more  in- 
tense radiation  than  the  deeper  lying  and  hotter,  but 
intrinsically  less  strongly  emissive,  layers  of  tbq. 
photosphere. 

Summary. 

In  all  of  these  ways  discussed  of  estimating  f 
solar  temperature,  we  have  to  go  on  the  hypothec 
that  the  sun  is  a  perfect  radiator.  This  is,  of  coure^f 
very  unlikely,  but  if  the  sun's  radiating  power  is 
not  perfect,  then  its  teinpf^rature  must,  at  any  rate, 
exceed  that  (58tt0°  abs.)  calculated  by  the  fourth 
method  from  Stefan's  law  of  radiation.  It  is  scarcely 
les.?  probable  that  the  solar  temiieniture  exceeds  tliat 
(6260°  abs.)  calculated  by  the  first  method  through 
Wien's  displacement  law.  For  the  influences  tend- 
ing to  distort  the  form  of  the  solar  spectrum  energy 
curve  seem  to  be  of  a  kind  to  diminish  tlie  violet 
most,  and  thereby  to  siiift  the  maxinmm  of  energy 
towards  the  red.  Hence,  we  conclude  that  there  is  a 
high  probability  that  the  average  temperature  of  the 
apparent  photosphere  exceeds  5860°  or  even  6260° 
of  the  absolute  Centigrade  scale,  and  may  be  as  high 
as  7000°  absolute  Centigrade, 

The  reader  may  be  disposed  to  question  whether 
a  difference  of  temperature  probably  exists  between 
the  center  and  edge  of  the  apparent  photospheric  disk, 
llfi 
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rouffht  out  in  Tahle  VI 11,  but  this  matter  will 
urthor  discussed  in  Chapter  VI.  One  highly  in- 
stin^  (^onrluNicm  He<>mti  to  follow  from  the  fact  of 
Uie  eiioraiouKly  high  temi>eraturc  of  the  photoBphere, 
tftken  in  connection  with  the  HpectroBcopic  proof  of 
miMJt'ralv  preanurca  in  the  revfraing  layer.  This  con- 
rliuion  b  that  no  known  HubifitanceH  can  exit^t  in  the 
phoUwpbere  except  a«  gases,'  It  has  generally  l>een 
held  thiit  tlie  photosphere  is  a  cloudy  layer.  If  so, 
tlie  materiaU  cnmixwing  the  cluudu  are  not  known  to 
^^^t  on  the  earth. 

^^M  Tut.  SpBCTROHBUOCiRAPIl 

^^rWhcn  we  examine  the  sun  vixiially  or  by  direct 
^^Hbol<)Kraphy,  the  Hiinrre  of  the  light  ix  highly  cnm- 
^ffkx.  Many  cbemical  elements,  existing  in  n  layer 
many  hundred.^,  or  perhaps  thousMUidn,  of  niilew  deep 
take  part  in  KUuding  the  light.  After  tentative  trials 
in  the  early  days  of  the  spectrascope  and  of  photog- 
raphy, the  matter  of  obtaining  a  view  of  the  xun  in  tho 
light  of  one  element,  and  Bub.ttanlially  at  one  level, 
wi«  taken  up  about  1S90  by  Hale  and  by  Denlandres 
indqiiendeDUy,  and  in  1891  Hale  lirst  employed  bla 
qiectrotielioKraph.  Dealandreis  has  long  used  a  simi- 
lar prindpte,  but  with  intermittent  instead  of  eun- 
tinuoiu  dixplacement  of  the  \'iew  over  the  solar  sur- 
faee,  in  bis  "  apteiroscufx  h  riUanc."  He  has  lately 
empluycd  tho  spoctroheliograph  itself  with  great 
The    Hpeclniheliograph,    as    explainer)    in 
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Chapter  II,  is  in  effect,  a  screen  which  cuts  c^  all 
light  except  that  of  a  single  spectral  line,  and  enables 
the  observer  to  sec  how  the  vapor  of  a  single  element 
lies  on  the  sun's  surface. 

We  shall  now  examine  some  beautiful  spectroheli- 
ographic  results  obtained  on  Mount  Wilson  by  Mr. 
Ellerman,  which  Mr.  Hale  has  kindly  allowed  me  to 
reproduce  here.  Plate  V  is  taken  with  the  spectro- 
heliograph  in  the  H2  line  of  calcium.*  Comparing  it 
with  the  direct  photograph  of  the  sun  taken  on  the 
same  day,  shown  in  Plate  III,  at  the  beginning  of 
this  chapter,  there  is  seen  a  greater  distinctness  and 
prominence  of  detail.  Hale  has  called  the  mottlings 
shown  by  the  spectroheliograph  '^floceuli/'  and«dis- 
tinguishes  between  bright  and  dark  floceuli.  A  pho- 
tograph through  the  Ha  (C)  line  of  hydrogen,  made 
within  a  few  minutes  of  Plate  V,  is  given  in  Plate  VI. 
The  hydrogen  floceuli  are  generally  of  more  well- 
defined  shapes  than  the  calcium  floceuli,  and  usually 
dark  where  these  are  bright.  Bright  hydrogen  floc- 
euli, however,  often  appear  in  sun  spot  and  active 
regions,  and  such  bright  floceuli  frequently  change  in 
form  with  eruptive  rapidity. 

In  a  broad  line,  like  the  H  or  K  lines  of  calcium,  the 
slit  of  the  spectroheliograph  may  he  set  in  several 
positions.  Hale  distinguishes  three  su(*h,  which  he 
terms,  Hi,  H2,  H^  or  Ki,  Ko,  and  K.^.     In  an  ecHpse 


^  Tlw  faint  stnicture  of  paralld  linos  s(mmi  on  jill  sfK»ctroheliographic 
platf's  is  not  a  solar  feature,  hut  is  causeil  by  very  slight  irregu- 
larities of  the  motion  of- the  instrument. 
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I^HHpiD^aph  <*r  thp  rhromoKphere  witli  radial  slit  (see 
'vPSS'  I^  '  l'>*^  "  '^'^^  ^  Iine8  have  frefjuently  an 
■"  r  head"  appearance.  That  is:  The  light  of 
f  H  or  K  is  found  at  a  high  level  above  the 
I  the  matter  which  produwN  tht;  hght  of  the 
r  wu^p«,  docs  not  extend  out  so  far.  H3  or 
onds  to  the  center  of  H  or  K  (seen  as  a 
I  the  Hilar  Hpcctruni).  Thus,  when  we 
look  at  a  K^  s])«ctrohcliographic  plate,  there  is  a 
deep  laypT  of  rali-ium  vapor  behind  the  regions  shown, 
and,  as  it  takes  but  a  small  portion  of  this  thickuesg 
tn  cut  off  by  abt4()r[>tion  the  light  of  thin  wave 
intgtb,  our  view  is  of  the  higliet^t  Icveb  where  cal- 

Kn  occurs.  The  Kj  and  K|  positions  on  the  sides 
pxtn-ioe  nnngH  of  K,  reKpe(!tiveIy,  coireuiMJDd  Ut 
lorate  imd  low  level  calcium  distribution.  In 
the  jipectnim  of  hydmgen  a  similar  difference  of 
effoelive  level  in  spectrolieliograph  obscrvatiomi 
ill  attained  by  einplo>'ing  lines  of  different  wave 
lengths.  In  ecli[)s*'  observaliona  high  hydrogen 
inrtminences  are  red,  owing  to  the  predominance  in 
their  tight  of  rays  of  the  Ha  (C)  line.  Hence,  pho- 
tognphs  taken  tbrougti  the  Ha  (C)  line  give  high 
levd  phenomena,  and,  as  might  be  plausibly  inferred 
from  a  comtideration  of  Wien's  displacement  lav, 
the  bydnigeii  lines  of  succe-ssively  shorter  wave- 
Imgtttf  would  be  most  wpiously  emitted  at  hotter, 
and  hence  lower  levels.  We  then  regard  an  Ha  or 
K]  pbnlogruph  as  a  lugh-level.  an  H/j  or  Kg  as  a 
medium,  and  an  H7  or  K)  as  a  low-level  phenomenon 
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for  liydrop'u  iiiid  calc'iuiu  rospoctively.  However, 
tlios(»  gases  are  both  higli-level  gases  on  the  sun,  and 
the  photographs  of  the  sun  through  their  lines  are 
above  the  levels  where  most  Fraunhofer  lines  are 
produced.  It  is  to  be  expected  that  when,  with  in- 
creasingly powerful  instrumental  appliances,  the 
spectroheliograph  can  be  employed  in  the  narrower, 
and,  therefore,  more  difficult,  lines  of  the  heavier 
and  less  easily  vaporized  elements,  the  conditions  at 
lower  levels  will  be  shown. 

The  following  illustrations  bring  out  the  differences 
due  to  level  in  a  striking  manner.  Unfortunately, 
it  was  not  possible  for  Mr.  Ellerman  to  furnish  me  a 
series  showing  all  the  different  kinds  of  spectrohelio- 
grams  above  mentioned  for  a  single  day,  and,  indeed, 
it  was  found  necessary  to  omit  altogether  an  example 
of  H;,  in  tlie  calcium  series.  Plates  VII  and  VIII 
show  a  spot  ted  area  of  the  sun's  surface  tus  it  appeared 
July  10,  19{)7,  in  Hi  and  Ho  calcium  spectrohelio- 
graphic  exposiu-es.  Plates  IX,  X,  and  XI  illustrate 
a  spotted  region  of  the  solar  surface  as  it  appeared 
September  10,  1909.  They  are  taken  in  H2  of  cal- 
cium, H7  and  Ha  of  hydrogen,  respectively.  In 
this  latter  series  the  first  plate  gives  no  hint  of  the 
pronounced  vortical  structure  revealed  by  the  high 
level  hydrogen  in  tlie  last  plate.  One  is  struck  by 
the  similaritv  of  these  curved  structural  forms  to  the 
lines-of-force  diagrams  given  l)y  the  familiar  experi- 
ment of  shaking  fine  iron  filings  on  a  glass  plate  held 

horizontally  over  a  couple  of  magnets.     In  Chapter 
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■  Hhall  have  ocTaHinn  tf>  refer  iigsin  to  Plate  XI 
when  we  coiue  to  deal  witli  the  imiKuetic  character 
of  the  Sim  f*pc)ti<. 
^^LThu  »pcctn)hL-Uii(;rupli  reaulls  will  receive  further 
^^Blcntion  in  Chapt'Cr  IV  in  connection  with  the 
^^Hntly  of  Nular  pnmuiieiireH.  Theiw  objeotH  are  great 
^^Biunetikc  protuberances  which  extern!  fur  thousands, 
^^Pbinetitnes  hundredth  of  thoiisandH  of  miles  above  the 
phutuKphere.  P'iret  obwrvcd  at  eclipses,  llie  fact 
that  they  shine  principally  by  the  bright  spectrum 
linw  of  calcium  and  hydrop-'n  maUc  it  possible  to  we 
them  at  the  sun's  limbs  at  all  times  with  the  spec- 
troscope, and  now  the  H[)ectrohelioKraph  him  enabled 
us  to  rceoKuize  them  fre(|uently  as  dark  IiydniKen 
floeculi  on  the  disk  itwelf.  A  view  of  the  sun  through 
the  Ha  {(*)  line  It  bent  wlaplcnl  for  this  pur[}ose,  and, 
iiM)v4>4l,  it  may  well  be  said  U>  reveal  the  »\m  in  quite  a 
new  aspeel.  I>ire<!t  pholonraphs  i'jid  speetrohello- 
ip-aphic  results  through  Hx  ((.')  and  H  and  K  all 
show  a  motllinR  of  the  solar  surfaces,  but  in  Plate 
XI  the  mutllinK,  Kspecially  in  the  neighborhood  of 
«un  spotji,  shows  a  marked  tendency  toward  eurvinl 
and  spiral  forms,  as  if  the  hydntgen  at  this  high 
nlar  level  wore  definitely  arranged  by  eyelonie  roo- 
tjaos.  Still  there  are  not  usually  fotind  ohser\'Bble 
uuitiooB  along  Ihesw  eurveil  Uties,  althuuKh  in  ex- 
ceptional caijes  serie-s  of  Ha  speetroheliographic 
platnr,  have  given  evidence  of  dflinite  and  ver>-  rapid 
Thus  St.  John  obser\-ing  on  Mount  WilnoQ 
I  June  3, 1906,  photographed  a  hydrogen  flocculus, 
ISl 
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probably  a  prominence,  apparently  moving  lO."),! 
kilometers  (60,000  miles)  in  18  minutes  towards  a 
double  sun  spot.  When  near  the  spot  the  flocculus 
divided,  and  apparently  each  branch  was  sucked 
into  a  sun  spot.  The  apparent  motion  in  this  case 
was  almost  exactly  radial  to  the  sun  spot  pair, 
dark  flocculus  of  a  similar  type,  which  is  also  probal 
R  prominence,  is  seen  in  Plate  VI.' 
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The  Solar  Rotation 
The  rotation  of  the  sun  has  been  measured  by 
seri'ing  the  march  of  sun  spots,  faculae,  and,  of  late, 
speetroheliographie  flocculi  acroAS  the  disk.  The 
classical  researches  of  Carrington  and  of  8poerer  on 
the  march  of  nun  spots  showed : 

(/J  That  the  sun  rotates  about  an  axis  inclincil 
about  7°  to  the  plane  of  the  echptic,  and  so  that  the 
Bun's  axis  points  midway  between  the  polar  star  and 
Vega  to  a  position  iti  right  ascension  18h  44m  and 
declination  64°. 

iS)  At  the  solar  equator  the  rotation  occurs  in 
about  25  days. 

(3)  The  period  of  one  rotation  increases  on  eit] 
side  of  the  equator  about  equally,  and  is  about 
days  at  45°  north  or  south  solar  latitude. 

(4)  Individual  sun  spots  drift  in  different  directions 
on  the  sun's  surface,  so  that  it  is  only  the  mean  re- 

'  An  intercaling  I'oncluBion  relating  to  the  port  played  63-  pruptivQ 
prominenero  in  the  life  hislory  of  sun  spoU  U  quoted  in  Chapl«r  ¥ 
from  spectroheliographii!  obBervations  of  Fox, 
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nt  till'  motioiw  of  many  sjioU  which  cuii 
Kurately  the  woUr  nitation  period. 
f  (i'l)  The  daily  rule  of  wilar  rotation,  and  the  fact  of 
ffereat  rotation  periods  for  different  solar  latitudes, 
•  both  expnswed  by  Carringlon  iii  the  following 
niula,  in  which  X  i£  the  daily  rate  of  rotation,  t 
the  Bolar  UUtude: 

X  -  865'  -  165'  sin'  (. 
I  Faye  assuming  on    theoretical  ^round^  that  the 
unent  of  ton  /  should  !»  2,  derived  from  ("arring- 
"vationii  of  IS53-I8fjl  the  ex)>ro8sion: 
X  -  862'  -  ISfi'HinW. 
fpora  observations  of  his  own  between 
K'2  and  1868,  combined  wjth  those  of  Sei-ebi  and 
,  obtaintHi; 

X  =  lOir  -  203' sin  {41=  13'  +  /) 
iTiwerand   from  obHervations    of    1874-1875  ob- 
ined: 

X  -  857.6'  -  157.3'  sin'  (. 

f'^iUing  and  Uter  StratonoflF  have  determined  the 
mAai  rotation  fmm  ob»er\'alions  of  farulae.  .\s 
thoae  objecU  ean  seldom  l>e  followed  much  mon^  tlmn 
a  quarter  way  acn>!>s  the  solar  disk,  and  as  their 
appearance  lA  usually  altered  when  they  reappear 
on  the  other  limb,  the  re^tults  have  le^«i  weigtit  than 
I  obtained  by  sun-spot  observ-alions.  WiUing 
md  no  evidence  of  equatorial  aeeeleratton,  but 
ntonoff  found  from  the  farulae  similar  results  to 
e  of  Cwriogton  and  Spocror  on  sun  spoti«.  Ver>' 
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recently  Chevalier  has  published  results  of  a  long-and 
excellent  series  of  determinations  of  the  solar  rota- 
tion by  measurements  of  faculae.  His  work  con- 
firms that  of  Stratonoff. 

In  1908  Hale  published  determinations  of  solar 
rotation  from  spectroheliographic  plates  of  the  hydro- 
gen and  calcium  flocculi,  taken  through  the  HS  and 
H2  lines  respectively.  His  results  with  H2  calcium 
flocculi  are  in  close  agreement  with  those  obtained 
by  Fox  in  1903-4  for  the  same  line.  Their  results 
agree,  also,  at  all  latitudes  with  the  rates  of  solar 
rotation  derived  by  various  observers  from  observa- 
tion of  sun  spots.  With  HS  hydrogen  flocculi,  the 
rate  of  equatorial  rotation  was  about  the  same,  but 
there  was  found  no  retardation  at  higher  latitudes,  a 
fact  of  high  interest  and  significance. 

According  to  Doppler^s  principle  the  spectral  lines 
of  a  source  receding  must  be  displaced  towards  the 
red  with  reference  to  those  of  a  source  approaching 
the  observer.  By  forming  the  solar  image  with  a 
telescope,  and  reflecting  light  from  the  two  limbs  si- 
multaneously upon  the  slit  of  a  spectroscope,  two 
spectra  may  be  produced,  one  immediately  above  the 
other,  which  exhibit  at  a  glance  the  shifting  of  all 
solar  lines  owing  to  the  sun's  rotation.  See  Plate 
IV.     Atmospheric  lines  are  not  thus  shifted. 

In  this  way  the  rate  of  solar  rotation  has  been  de- 
termined with  great  accuracy  by  Duner,  Halm,  and 
lately  by  Adams.  Their  results  bring  out  clearly  the 
fact  discovered  by  Carrington  from  the  study  of  sun 
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^^Aots,  oamcly,  tliat  the  tmnV  angular  rotation  is 

^^■owcr  ut  high  latitudes  than  at  the  nun'H  equator. 

^^Pbtcr  ?Mn  »potA  do  not  occur  near  the  suit's  pole,  this 

peruliarity  mjuld  not  bi?  thorouRhly  titudipd  by  C'ar- 

rington,  but  by  the  ^[K'ctroscopic  method  the  solar 

EDtation  period  ha»  Iteen  determined  at  high  as  well 

I  low  latitudes.    There  might  eaiiily  be  a  doubt 

Klher  the  spectroscopic  results  on  solar  rotation 

tght  U>  aRree  with  those  obtained  from  observing 

i  sun  spots,  the  facutae,  and  the  floccuh  exposed 

r  the  spcctmheliograph,  for  the  sun,  as  indi(?ated 

f  several  lines  of  evidence,  is  at  so  high  a  tempera- 

•  B«  to  be  probably  almost  wholly  gaseous,  and 

loD  may  penetrate  to  some  distance  l)elow  its 

The  several  objects  which  are  sources  of  the 

momena  employed  for  the  different  methods 

t  stiid>'tnK  the  solar  rotation  may  lie  at  different 

"els,  aiid  may,  therefore,  move  at  different  rates. 

tiingly  it  is  interesting  to  compiut?,  in  the  fol- 

;  table,  the  rotation  periods  indicated  by  the 

reral  Hsual  methods  and  by  the  H[)ectn)scopic  ob- 

"vattotis  of  lines  of  {iifferent  chemical  eleuients. 

be  table  is  compiled  fmm  those  given  by  Hale' 

1  by  Adams.* 
I  According  tn  the  results  referred  tn  in  the  fallowing 
We,  the  sidereal  rotation  of  the  average  solar  sui^ 
p  »  completed  in  about  2-I.H  days  at  the  equator, 
I  days  at    "  .10°  latiturle,  .tl.2  dayn  at    -  (Xf, 
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Table  IX. — Daily  rotation  of  the  sun* 8  surface. 
Various  methods  of  observing. 


object 
obiwrved.  •♦ 

8un  spotii. 

Faculip. 

Ca.  FU)couli 
Ha  line. 

H.  Flocculi 
H«line. 

Many  qiee- 

4na  line*. 

Obaervor.  -♦ 

Mean  of 

Canington. 

.^<poerer, 

Afaunder. 

Mean  of 
StrotonofT 

and 
Chevalier. 

Mean  of 

Ilalo  and 

Vox. 

Hale. 

Adaina,19(W. 

(Dpppter 

effect.) 

Latitude,    i 

0"  to  ±   5" 
±    5      ±10 

±10     ±15 
±15     ±20 
±20     ±25 
±25     ±30 
±30     ±35 

14.40" 

14.35 

14.25 

14.13 

13.98 

13.80 

13.60 

14.56" 

14.52 

14.33 

14.21 

14.19 

14.04 

13.60* 

14.54" 

14.41 

14.30 

14.13 

13.99 

13.97 

13.75 

14.3" 

14.4 

14.6 

14.5 

14.7 

14.7 

14.9 

14.59" 

14.48 

14.33 

14.15 

13.95 

13.74 

13.50 

*  Stratonof!  only. 


Adams'  spectroscopic  n^sults,  in( 

eluding  high  latitudes. 

ChoinJcal 
elr>in(>nt«.  -♦ 

Many. 
Many. 

Vv.  Ti. 
Til'.-. 

Mn.  F.'. 

Ca. 
4226  .91 

H. 

Wiivo 

len((thi«.  -• 

Latitude.  ; 

4 197. 257 
4216.136 

42r..'i.418 
42S7  ..'ifin 
42HS  310 

42:>7.*iiri 

42tMl  .>I2 
4291  .(530 

(io63  a'i^ 
(HaorC). 

0.3° 
14.9 
29.7 
44.7 
60.0 
74.9 

14.65° 

14. 2S 

13.66 

12.81 

11.52 

10.84 

14.49° 

14.21 

13.49 

12.74 

11.35 

10.50 

14.6.5° 

14.31 

13.65 

12.85 

11.53 

10.93 

14.72° 

14.34 

13 .  74 

12.95 

11.62 

11.04 

15.0° 

14  9 
14.2 
•  13.6 
12.5 
13.1 

15.2" 

15.0 

14.6 

14.0 

13.7 

14.3 

and  35.3  days  at  =*=  80°.  The  agreement  between 
Adams'  and  Duner's  work,  done  in  different  years, 
is  so  exact  that  there  seems  Httle  reason  to  suspect 
a  secular  variation  of  the  retardation  towards  high 
latitudes.  Adams  finds  his  mean  results  and  those 
of  Duner  and  Halm  well  expressed  by  the  following 
formula : 

?  =  10°.62  +  3^99cos2  <f>, 
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^^Whofe  C  i*  the  angtilar  eiilereal  rotation  per  day  fiw^^^^H 

^  the  t-nlar  latitude.                                                              ^H 

The  hiehly   tnlercKting  change  id  the  observed        ^H 

^boUtioii  period  for  liticM  of  different  chemical  ele-         ^H 

^Ba)t)>  iit  regarded  a«  indicating  difTerenoes  of  effec-         ^M 

^^ne  level  of  the  production  of  the  Fraunhofer  lines.         ^H 

^^ne  reMlltH  in  thin  direclion  gain  addetl  value  be-         ^H 

^Prbk  tbey  agn«  with  wveral  other  UneK  of  evidence       ^H 

Uiftt    point    to    the  sanie  eoncluiiions.     The  whole        ^H 

Bubjeet  will  he  diswussed  in  Chapter  XI.                             ^H 

Verj-  recently  St.  John  has  detennined  the  rate  of        ^^| 

daily  rotation  spectroscopically  in  the  Kj  line  of        ^^M 

ralcium.'     He  t^yn:    "  The  angular  velorily  of  the        ^H 

high-level  calcium  pniducing  tht;  alworplion  line  K3        ^H 

lA  nearly  con^lunt  for  rhe  latitudes  of  nhser^'alion,        ^H 

being  lo°.n  and  )o°.-l  per  day  at  the  latitudes  ti°,fi  and        ^| 

38" .4,  respectively.     Tlic  correifponding  value-s  de-        ^H 

duced  from  .\damH'  rf>sult8  are  ld°.l  and  I4'^.3  for        ^H 

hydrogen,  and  14*.4  and  13".2  for  the  reversing  layer.         ^H 

The  hi^  velocity  of  the  calcium  vapor  producing  the         ^M 

Kj  line  pointJt  to  a  higher  elevation  of  this  layer  of         ^M 

ralcium  vapor  than  of  the  hydrogen  effective  in  the          ^M 

production  of  the  Ha  line."     It  is  a  ver>'  singular          ^M 

thing  that  calcium  occurs  at  «uch  ver>-  high  levels  in          H 

the  stun.     We  shall  pee  the  fart  confirmed  in  the  next          ^M 

ch»pl4!r,  but  the  reason  for  it  i^  one  uf  lho«e  many          ^M 

puxEleo  which  whet  the  appetite  uf  the  student  in         ^H 

mlar  remyarrh.                                                                          ^| 
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CHAPTER   IV 

ECLIPSES   AND   THE    OUTER  SOLAR  ENVELOPES 

The  Saros. — Eclipse  Expeditions. — The  Corona. — ^The  Chromo- 
sphere.— ^The  Eclipse  of  1868  and  Janscn's  and  Lockyer*8 
Discovery. — Spectrum  of  the  Chromosphere  and  Prominences. — 
Prominences  and  the  Spectroheliograph. — Recent  Flash  Spec- 
trum Observations. — ^The  Heights  of  Different  Metals  in  the 
Chromosphere. — Mitchell's  Observations  of  1905. — Campbell  s 
Observations. — Chromospheric  Spectra  in  Full  Daylight, 

When  the  moon  passes  directly  between  the  earth 
and  the  sun  it  sometimes  completely  covers  the 
latter,  and  there  is  a  total  solar  eclipse.  At  such 
times  the  brilliant  glare  of  day  ceases  for  a  few  mo- 
ments to  illuminate  our  atmosphere,  and  in  the  semi- 
darkness  we  may  see  the  objects  which  closely  sur- 
round the  sun.  Total  solar  eclipses  occur  almost 
every  year,  but  as  the  moon  is  never  much  greater  in 
angular  diameter  than  the  sun,  the  area  of  the  earth's 
surface  on  which  the  eclipse  appears  total  at  a  given 
instant  is  rarely  greater  than  100  miles  in  average 
diameter.  The  rapid  motion  of  the  moon,  though 
partly  offset  by  the  rotation  of  the  earth,  hurries  the 
region  of  totality  along  faster  than  1,000  miles  an 
hour,  making  a  belt  seldom  wider  than  100  miles,  but 
sometimes  more  than  5,000  miles  long,  on  which  the 
eclipse  is  total  at  sometime  between  sunrise  and  sun- 
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■et.  OvpT  PuonnouH  an-Hs  on  cithor  .tidt^  of  the  line 
of  tolality  llic  «uu  L*  parliaJly  eplipscd,  and  appear* 
fof  mme  hours  an  a  oretwent  figure. 


^1  The  Saros 

"  The  ancicnlf  disrovered  a  cycle  of  eclipf*s  palled 
the  .Sa«w,  which  indicflt<«  approximately  ihe  times 
when  solar  eclipses  will  occur.  In  223  synodic 
mnnthx  ihcrc  arc  almost  cxaclly  nineteen  "eclipse 
year*"  of  3^6.fi2  days,  theintfrval  between  the  times 
when  the  Kun  in  iti«  apparent  annual  path  crosses  the 
two  mKJcs  of  the  moon's  orbit.  Hence,  if  we  count 
forward  6,585  days,  or  18  years  II  days,  from  one 
total  pclipac,  we  are  apt  to  find  the  occurrence  of 
another  cither  partial  or  total.  A  fiuiiily  of  ecliiwcs 
^  thuD  owurs,  separated  by  inter\'als  of  about  eighteen 
Such  a  family  generally  numbers  about  sixty- 
I  or  seventy  eclipses,  of  which  perhaps  eighteen 
1  be  total,  and  tlie  rext  annular  or  partial.  Many 
tlplriM^wes  are  visit>le  only  at  regions  unfavorable 
'  Hrobtervatton,  nuch  att  oreanH,  the  |Kjlar  regions,  or 
very  cloudy  Iocalitie.<4.  .\s  totality  at  a  given  place 
never  lastA  more  than  eight  minut4>s,  and  generally 
does  not  exceed  three,  there  have  been  hanlly  more 
than  a  couple  of  hours  of  time  employed  in  total  rolar 
eclipse  observing  in  the  la^t  half  century.  Yet  so  well 
have  the  moments  l>een  utilized  that  a  large  stock  of 
information  haM  l>een  gathered. 

Not  iofrequently  ectip.<«e  ex]>e<ntioiut  have  led  b«- 

(rDOomers  to  experienceo  of  hardship,  disappointmeiit 
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and  in  one  instance  to  death.  Father  Perry,  of  Stony- 
hurst,  who  led  the  English  eclipse  expedition  to  Cay- 
enne, in  1889,  was  taken  ill  before  the  awaited  day. 
He  insisted  on  observing,  supported  by  an  attendant, 
and  called  for  three  cheers  when  the  eclipse  had  been 
successfully  observed,  saying:  "I  can't  cheer,  but  I 
will  wave  my  helmet !''  A  few  days  later  he  died  at 
sea. 

A  total  eclipse  having  been  predicted  to  occur  at  a 
certain  place  favorable  for  observing,  astronomers 
journey  there  several  weeks  in  advance,  equipped 
with  photographic  telescopes,  spectroscopes,  auxil- 
iary apparatus,  and  supplies.  The  instruments  are 
set  up  and  carefully  adjusted  and  arc  provided  with 
every  p()ssil)le  contrivance  to  facilitate  and  shorten 
their  operation  at  the  critical  moment.  Rehearsals 
of  the  eclipse  begin  as  soon  as  possible.  Time  signals 
are  counted  off,  photographic  apparatus  is  manip- 
ulated, and  the  whole  program  is  gone  over  and  over 
again,  just  as  if  the  totality  were  on.  In  this  way 
the  observers  try  to  anticipate  all  possible  contin- 
gencies, and  accjuire  skill  and  rapidity  in  performing 
their  parts.  Mr.  Langley  used  to  say  that  if  a  pin 
were  likely  to  be  dropped  during  the  eclipse  the  ob- 
server should  practice  dropping  one  and  filling  its 
place  at  n^hear^al.  The  hour,  minute,  and  second  of 
the  eclipse  an*  predicted  long  in  advance,  so  that  on 
the  appointed  day  all  is  prepared  for  action  at  a  well 
known  time.     At  first  contact  of  the  moon  a  notch 

begins  to  appear  in  the  sun's  disk,  and  this  grows 
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mrjcrr  mikJ  lur^i-r  durinK  <Ii<>  ii<>xl  lioiir  luul  h  iialf, 
iinlil  inily  a  imrrow  trresceiit  rcmaiiif.  Tins  hour 
mnd  A  half  ha«  iilwaj-s  scvmwl  to  thp  writer  tiip  Having 

tpiit:  tuT  liuriiig  itH  Anv.'  piiwugr  the  utiliurriod 
■h  of  eventt  toiids  ti)  calm  the  nervous  agitation 

irh  «>mo9  on  with  the  Ivcvt  contact ,  when  one  feeU 
that  his  opportunity  i«  now  or  never.  As  the  cres- 
cent becomes  thin  the  sun's  lifiht  f)ecomes  noticeably 
weak  and  yellow,  for  only  the  liiub  now  remains  vi^ 
ihle,  and  its  UKht,  an  stated  already,  U  very  much 

,kcr,  especially  in  the  violet  end  uf  the  spectrum, 
the  light  of  the  center  of  the  disk.  Just  Iwfore 
ly  fiickerinK  band«.  cullwl  "shadow  bamU," 
rteaJ  rapidly  alonn  rhe  (fniuud,  and  (hen,  as  the  loMt 
crescent  of  the  pholosphere  suddenly  vanishes,  a  thin 
ring  of  roxy  light  encinOfs  the  inoon,  uml  iK-yond  thi», 
for  perhaps  one  or  even  two  diameters  of  the  sun, 
bloonu)  forth  the  pearly  hued  corona. 

The  Corona 
,  There  is  a  cycle  of  changes  in  the  form  of  the 
■ona  having  a  period  of  about  eleven  years,  sup- 
i  to  lie  iderilioal  with  thai  of  sun-B[K»l  fretiueney, 
tl-hieh  will  l»e  noticed  in  Chapter  V.  As  the  corona 
can  be  olwcr\'ed  only  al  total  solar  eclipses,  the  march 
of  the  cycle  of  changes  is  as  yet  only  imperfectly 
known,  but  (or  the  Uist  half  century  it  has  lieen 
obtterved  1  ha  t  t  here  are  long  equatorial  coronal 
streamer)  at  the  time  of  sun-spot  minimum,  white 
mum  of  mm  spots  the  corona  extends  only 
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to  moderate  distances,  but  nearly  uniformly  in  all 
directions  from  the  sun.  The  accompanying  views, 
Plate  XII  from  a  drawing  of  Mr.  P.  R.  Calvert  pre- 
pared from  the  Yerkes  Observatory  photographs  of 
the  1900  eclipse,  Plate  XIII  from  a  drawing  of  Mrs. 
C.  G.  Abbot  prepared  from  U.  S.  Naval  Observa- 
tory photographs  of  the  1905  eclipse,  illustrate  the 
characteristic  forms  of  the  corona  at  sim-spot 
minima  and  maxima  respectively. 

Many  efforts  have  been  made,  but  thus  far  with- 
out success,  to  devise  a  method  (rf  observing  the 
corona  without  an  eclipse.  Success  is  unlikely,  for 
in  its  brightest  parts,  even  within  ^^  radius  of  the 
sun's  limb,  the  brightness  of  the  corona  is  only  about 
one-tenth  as  great  as  that  of  the  daylight  sky  at 
20°  from  the  sun,  if  viewed  from  sea  level.  Close 
to  the  sun  the  daylight  sky  is  many  fold  brighter 
still,  so  that  the  coronal  brightness  is  insignificant 
in  comparison  with  it.  By  ascending  a  very  high 
mountain,  it  is  true,  a  considerable  gain  might  be 
made,  for  the  corona  would  be  a  little  brighter  and 
the  sky  several  fold  less  bright,  but  the  brightness 
of  the  sky  would  still  be  far  too  great  to  permit  the 
corona  to  be  seen,  even  in  its  brightest  parts,  by  any 
contrivance  yet  devised. 

The  corona  fades  rapidly  with  increasing  distance 
from  the  sun.  According  to  Turner,  who  has  dis- 
cussed results  of  various  eclipses,  it  falls  off  approxi- 
mately as  the  sixth  power  of  the  distance  from  the 

sun's  center.     L.  Becker  has  discussed  photographic 
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KTvnlions  ina<le  at  the  erlipse  of  1905,  and  gives 
ilif  fullnwidtt  fi.rinulii  iif  tlwtrihutidii  of  tlir  iiiteiiHify 
<rf  Ihp  blue  anil  vinlet  roronal  radinlion  at  different 
di-itmiceM,  H.  from  the  Kun'«  liiub;  I  is  the  intensity, 
C  i;(  a  con.'itant,  and  II  is  expressed  in  thousandths 
of  a  Mibu*  diameter. 

I  =C  (H  +  I40)-\ 

Al  the  eclipse  of  January  3,  1908.  the  present  writer, 

^■MlMtod  by  A.  F.  Moore,  tnade  bolometric  observa- 

^Hmm  of  Ihe  intensities  of  the  coronal  radiution  at 

^TBTCTbI  dislanrcM  from  the  sun's  limb.     These  were 

nuute  \ytlh  with  and  without  a  «creen  of  a>phaltuin 

varnish  un  glaw,    This  ncreen  wan  used  to  rut  off 

tlw   vbiilili'   !*iK"ct nini    while  »1  ill    trannmit I ing   the 

mfnt-red.     The  following  is  u  eom[)urison  of  tliese 

rrMiltri  with  thoite  coniputtHl  aceurding  to  the  for- 

mubr  of  Turner  and  of  Becker. 
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The  agreement  between  the  bolometric  obser\'fttions 
mod  the  computation  by  Becker's  fonnula  is  prolty 
good,  so  that  for  a  sun-spot  maximum  corona  it 
wems  to  repn*!«ent  the  distribution  for  all  kinds  of 
radiation,  at  least  in  the  inner  corona. 
The  tif^i  Dhows  dutinct  radial  poUuization  in  tlie 
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outer  rorona,  but  the  percentage  of  polarization  de- 
creatses,  and  at  length  vani5!;hes  near  tlie  limb  of  the 
sun.  Polarization  of  the  coronal  light  is  generally 
interpreted  as  evidence  of  t  he  jiresence  of  reflected 
photospheric  rays  in  the  coronal  brightness,-  just  B$ 
sky-light  and  its  polarization  is  i>roduced  by  the  Ef- 
fuse reflection  of  sunlight  in  the  air.  Some  writers 
have  inferred  from  the  absence  of  polarization  nQQ^ . 
the  sun's  limb  that  the  light  of  that  part  of  the  corOnii 
contains  almost  no  reflected  photosphefic  rays,  .  Bu.|  . 
a  particle  near  the  sun's  limb  must  be  shone  upon' 
from  every  direction  within  a  hemisphere,  so  that 
the  light  which  it  reflects,  being  i)artially  poIai^Qod 
in  every  plane,  wouhl  show  polarization  in  nwei 
Hence,  the  absence*  of  reflected  photosj)heric  riiyd 
from  the  inner  coronal. brightness  cannot  rightly  .bet ^ 
inferred  from  the  al)sence  of  polarization. 

The  spectrum  of  the  corona  is  more  nearly  con-. 
tinuous  than  that  of  the  photosphere.     A  few  bright^ 
Hues  are  found,  but  these  ar^  not  conspicuous  at  lAiist 
eclipses.     There  is  a  famous  bright  coronal  line  m  . 
the  green  at  wave  length  5308.     Tliis  Hno  wa9  dte-*^ 
covered  by  Young,  in  1870,  and  it  has  been  seen  with 
more  or  less  distinctness  at  many  sul)sequent  eclipses. 
It  does  not  correspond  in  wave  length  to  a  line  of 
any  known  substance,  or  to  a  photospheric  line,  so 
that  it  is  ascribed  to  a  hypothetical  element  **coro- 
nium."     As  the  element  h(*lium  was  ft)und  in  the 
earth  after  its  spectrum  had  long  been  known  in  the 

sun  and  stars,  so  it  may  happen  with  ''coronium." 

1 :;  [ 
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^^■vcnU  bri^t  coronal  lines  have  been  discovered 

^^Ktiii*  uitra-vialet  by  Denlandrtw.  Dyt^on,  Lewi-s,  and 

^^Bwnf.    In  the  outer  L-omiia  the  Fraunhofer  liiies 

o(  the  phot«spheric  spectrum  have  been  neen,  and 

have  been  repeatedly  photographed  by  Campbell, 

riiic  and  otherK.     Lewis  found  them  only  in  the 

i-violet  spectrum  in  the  eclipse  of  190S.     Tliew 

k  Uacri  fade  and  diaapiwar  near  the  timb  of  the  sun. 

oce  in  the  outer  corona  Is  a  pniof  of  the 

I  in  the  out«r  coronal  liRht  of  a  large  pro- 

t  of  reflected  photospheric  rays,  bnt  C;anipl)ell 

i  from  their  absence  near  the  sun's  limb  that 

I  inner  corona  shines  almost  wholly  by  light  of 

deiwence  of  the  materiiU  there,  due  lo  its  being 

i  by  proximity-  to  the  sun.     There  are,  however, 

J  causes  otheT  than  a  great  admixture  of  coronal 

light   of  inrandescence   whirh   must   contribute  to 

diminiith  the  distinctness  of  the  Fraunhofer  lines  of 

tbe  inner  corona  near  the  sun's  Umb.     Among  these 

are  (1)  atmospheric  reflection  of  the  strong  bright 

tine  qwctnim  of   the   chromosphere;    (2)    over  ex- 

poeure  of  photographic  spectra  for  the  very  ioner- 

most  corona,  etc. 

^^  It  wftM  inferred  by  Bigelow  and  by  Holden,  from 

^^■jKlics  of  eclipse  photographs,  that  the  corona  par- 

^Hfbpates  in  the  rotation  of  tbe  sun.    This  view  is  con- 

firmcd  by  siiectroscopie  observations  of  Deslandres, 

Campbell,  and  Belopolsky.     It  has  been  supposed  by 

many  that,  as  the  polar  streaniers  of  the  corona  ap- 

pesr  macb  like  t«rrc6trial  auroraa  seen  in  high  north- 
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em  and  southern  latitudes,  the  corona  may  have,  like 
them,  an  electrical  origin.  They  would  regard  its 
light,  like  that  of  the  aurora,  as  largely  of  Imnines- 
cence  similar  to  that  of  a  glow  electrical  discharge, 
and  not  true  temperature  radiation.  The  writer's 
bolometric  observations  of  the  inner  corona  at  the 
eclipse  of  1908  seemed  to  be  incompatible  with  the 
view  that  it  shines  mainly  by  light  of  ordinary  incan- 
descence. For  by  the  aid  of  absorbing  screens  it  was 
shown  that  the  ratio  of  intensity  of  infra-red  to  total 
radiation  is  almost  the  same  for  the  inner  corona  as 
for  the  photosphere.  If  the  corona  shines  mainly  by 
incandescence,  and  its  high  temperature  is  produced 
by  the  absorption  of  sunlight  in  its  particles,  then  the 
fraction  of  its  radiation  occurring  in  the  infra-red 
spectrum  should  be  disproportionately  greater  than 
that  for  the  photosphere,  because  the  temperature  of 
the  corona  must  be  much  the  lower.  Lewis,  however, 
at  the  same  eclipse  found  the  ultra-violet  coronal 
rays  disproportionately  weaker  than  those  of  the 
photosphere,  and  inferred,  therefrom  a  low  coronal 
temperature.  The  composition  of  the  inner  coronal 
light  cannot  yet  be  regarded  as  settled.  There 
is  undoubtedly  some  reflected  light,  some  light 
of  incandescence,,  and  perhaps  some  of  lumines- 
cence. It  may  be  that  it  is  the  latter  which  is 
the  key  to  the  perplexing  observations  above  re- 
corded. The  nature  of  the  corona  will  be  further 
discussed  in  Chapter  VI. 
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^^B^  ThK   ClIlfdMOKPHKItK 

^^F  CIcKM*  to  the  limb  nt  the  sun  tliorc  i.s  icon  ai  tulal 
•mlar  ocUpxcif,  snd  by  s|icuial  cDtitrivaiirc^  uIho  in  full 
Kunlight,  a  thin  ring  of  rofiy  tight  eallod  the  "chn)- 
maephere, "  fntm  which  projpct  irrrgularly,  sonie- 
UmM  as  much  as  50.000  or  t'vcn  tOO,OfX)  miles,  rosy 
fonns  called  "  prominenres. "  The  -spectrum  of  the 
chrotnCRiphcrc  cun?(i»tM  of  bright  llneu  on  a  faint  rnn- 
tinuoiu  backgnjuml.  Thctue  briglit  lines  are  the 
unUopartM  in  potution,  and  t^dierally,  aliui,  in  rela- 
■  intensity,  of  the  dark  Fraunhofer  lines  of  the 
wl<w|ih«ric  .tpectrum.  The  iimniinpun-s  tippmr 
I  l>e  hut  lughfT  cxtmslnns  of  the  clinmiosplK'n', 
;  their  sptnMra  are  u^^ually  t^iinpier.  [*n)f.  ('.  A. 
(FounK  made  a  pnilonged  rttudy  uf  the  pruniinencm 
1  of  their  Hpectm,  and  I  eanncit  inlroduire  the  mal- 
r  better  than  to  quote  hia  deftcriptionn  (pages  11)7 
1  <tf  "The  Sun")  'supplementing  his  story  by 
il  of  most  ri>eent  work  on  t  he  Kuliject.  Young's 
s  of  acme  of  the  phenomena  differ  sonic- 
B  which  the  pnjsent  writer  would  pre- 
i  a  believer  in  the  eloudy  phnt<j- 

!  of  1863.     Jansscn'it  and  Lockycr'a  Di»- 

"EvMy  one  Ja  more  or  lejw  familinr  with  the  story 

I  this  edipHO.    Ucrxchel,  Teniiaut,  Pogsou,  tUyet, 

il  JansBea,  all  made  subAtaotiaUy  the  sanic  report. 
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They  found  the  si>ectruin  of  the  proiniu(.'iii:eri  to 
sist  of  bright  lines,  and  conspicuous  among  theni  wi 
the  lines  of  hydrogen.  There  were  some  serious  dis* 
crepancies,  indeed,  among  their  observations,  not 
only  as  to  the  niunber  of  the  bright  Unes  seen,  which 
is  not  to  be  wondered  at,  but  as  to  their  position. 
Thus,  Rayet  (who  saw  more  lines  than  any  one  else), 
identified  the  red  line  observed  with  B  instead  of  Cj 
and  all  the  observers  mistook  the  yellow  line  they  sai 
for  that  of  sodium, 

"Still,   their  observations,   taken  together,  com-5 
pletely  tlemoiLstrated  the  fact  that  the  prominenci 
are  enormous  masses  of  highly  heated  gaseous  matter^ 
and  that  hydrogen  is  a  main  coustituent. 

"Janssen  went  further.  The  lines  he  saw  dui 
the  eclipse  were  so  brilliant  that  he  felt  sure  he  could' 
see  them  again  in  the  full  sunlight.  He  was  prft-^ 
vented  by  clouds  from  trying  the  experiment  th» 
-same  afternoon,  after  the  close  of  the  eclipse;  but! 
the  next  morning  the  sun  rose  unobscured,  and. 
soon  as  he  had  completed  the  necessary  adjustmenti^l 
and  directed  his  instrument  to  the  portion  of  the 
sun's  limb  where  the  day  before  the  most  brilliant 
prominence  appeared,  the  same  lines  came  out  again, 
clear  and  bright;  and  now,  of  course,  there  was  noi 
difficulty  in  determining  at  lei-sure,  and  with  almosl^ 
absolute  accuracy,  their  position  in  the  spectrum. 
He  immediately  confirmed  his  first  conclusion,  that 
hydrogen  is  the  mo.st  conspicuous  component  of  the 
prominences,  but  found  that  the  yellow  fine  must 
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t  reterrvd  to  some  other  elcniont  than  sodium,'  being 
ipwhat  more  rpfninaiblr  than  the  V)  lines. 
"He  found  also  that,  by  slightly  moving  hLs  telo- 
lope  and  cauiunK  the  image  of  tlie  Mun'K  limb  tn  take 
iffureot  ixwifions  wilh  reference  to  the  »lit  of  hia 
■ctrortcope,  he  could  even  trace  out  the  form 
nd  mciwure  the  diiuonwiotis  of  the  prominences; 
he  remained  at  his  station  for  several  days, 
m1  in  theoc  novel  and  exceedingly  interesting 
«T\-ftt  ions. 

!  "Of  coiifNo,  he  imme<liately  sent  home  a  report  of 
B  Bclipne-work,  aud  of  liLs  new  di-wovery,  but,  as  his 
isUon  9t  Guntoor,  in  e&><toni  India,  wan  farther  from 
I  eommtinigation  with  Kuropc  than  those  upon 
*  wntteni  coant  of  the  |>enini«uU,  his  tetter  did  not 
1  Kraiiee  until  some  we»!k  or  two  after  the  ac- 
jitd  of  the  other  obsprverB;  when  it  did  arrive,  it 
<  to  Paris,  in  ouupiuiy  with  a  eommunication 
nm  Mr-  liockyer,  announring  Ihe  same  discovery, 
e  indepemlenlly,  and  even  more  rreditably,  since 
^Ih  Mr.  I^oekyer  it  was  nut  suggested  by  anything 
B  had  seen,  but  was  thought  out  from  fundamental 

loiples. 

'  "Nuariy  two  years  previou-ily  the  idea  had  oo- 
jamd  to  him  (and,  indeed,  to  nihen*  also,  though  he 
ft  the  first  to  publish  it)  that,  if  the  protuberances 
UK  gaseous,  so  an  to  give  a  spoetrum  of  bright  lines, 
those  lineH  ought  to  1w  visible  in  u  upeelroscupe  of 

'T)iM  HcnuMii  it  briiiiiii  ;tful   tru  ilUi'iiirfn)  on  iIh-  ritnli  liina 
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The  priori 


sufficient  power,  even  in  broad  daylight, 
ciple  is  simply  this: 

"Under  ordinary  circumstances  the  protuberani 
are  invisible,  for  tlie  same  reason  as  the  stars  in  the 
daytime:    they  are  hidden  by  the  intense  light  re- 
flected from  the  particles  of  our  own  atmosphere  near 
the  sun's  place  in  the  sky,  and,  if  we  could  only  sui* 
ficiently  weaken  this  aerial  illumination,  without 
the  same  time  weakening  Uieir  light,  the  end  won 
be  gained,     ,\nd  the  spectroscope  accompUshes  pi 
cisely  this  very  thing.     Since  the  air-light  is 
fleeted  sunshine,  it  of  course  presents  the  same 
trum  as  sunhght,  a  continuous  liand  of  color  cro; 
by  dark  lines.     Now,  this  sort  of  spectrum  is  greatly 
weakened  by  eveiy  increase  of  dispersive  power,  be- 
cause the  light  is  spread  out  into  a  longer  ribbon  and 
made  to  cover  a  more  exten<ied  area.     On  the  otlier 
hand,  a  Kpectrum  of  bright  lines  imdergoes  no  such 
weakening  by  an  increase  in  the  dispersive  power 
the  spectroscope.     The  bright  lines  ai-e  only  moi 
widely  separated — not  in  the  least  diffused  or  shoi 
of  their  brightness.    Moi-eover,  if  the  gas  is  one  whici 
like  hydrogen,  shows  dark  lines  in  the  ordinary  sol 
spectrum  (and  therefore  in  that  of  the  air-light)^ 
the  case  is  even  better:  not  only  is  the  continuoi 
spectrum  of  the  air-hght  weakened  by  the  high 
persion,  but  it  has  dark  gaps  in  it  just  where  tl 
bright  Unes  of  the  prominence  spectrum  will  fall. 

"If,  tlien,  the  iniHge  of  the  sun,  formed  by  a  telB^' 
scope,  be  examined  with  a  spoetroscoiH'.  one  migl 
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to  nee  at  the  edge  of  the  disk  the  bright  lines 
bclouging  to  thv  Kpftctrum  or  the  prominenc«i,  in  case 
Uiey  ore  really  goseoas. 
"Mr.  Lockypr  and  Mr,  HugginK  both  tried  the  ex- 
ment  a»  early  us  1SG7,  but  without  succe*s;  partly 
■iLse  their  iimtruments  had  not  sufficient  power  to 
aul  the  linoK  conspicuoiutly,  but  more  because 
did  not  know  whereabouts  in  the  spectrum  to 
tk  for  them,  and  were  not  even  sure  of  their  exiit- 
tence.  At  any  ratP,  as  soon  us  the  dincovery  was  an- 
nounred.  Mr.  Huggins  immediately  »aw  tlie  lines 
lut  difficulty,  with  the  same  instrument  which 
failed  to  ^how  them  to  hiin  before,  ft  is  a  fact, 
often  forgotten,  that  to  perceive  a  thing  known 
to  exist  does  not  reiiuin!  one  half  the  instnimental 
er  or  jicutom«*  of  sense  as  to  discover  it. 
Mr.  Ijockyer,  immcdiatoly  aft«!r  his  suggestion 
published,  had  xet  about  procuring  a  suitable 
iment,  and  wa.-^  aivtistod  by  a  grant  from  the 
treofiUry  of  the  Royal  Society.  .Vftor  a  lung  delay, 
coiuequent  in  part  upon  the  death  of  the  optician 
who  had  first  umlertaken  itji  construction,  and  partly 
due  to  other  causes,  he  received  the  new  spectroi*copo 
just  tt.1  the  report  of  Herschel's  and  Tennant's  ob- 
nervation^  reached  Kngland.  Hastily  adjusting  tbo 
instniment,  not  yet  entirely  completed,  he  at  once 
applied  it  to  hii^  tele^^opo,  aud  without  diHiculty 
found  the  lines,  and  verifie<i  their  po,sition.  He  inun^ 
ly  also  discovered  them  to  be  \-isible  around  the 
dnumfofencf  of  tbo  sun,  and  conaequently 
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that  the  protuberances  are  mere  extensions  of  a  c(m.-vf 
tinuous  solar  envelope,  to  which,  as  mentioned  above, 
was  given  the  name  of  Chromosphere.    (He  does  not 
seem  to  have  been  aware  of  the  earlier  and  similar 
conclusions  of  Arago,  Grant,  Secchi,  and  others.) 
He  at  once  communicated  his  results  to  the  Royal 
Society,  and  also  to  the  French  Academy  of  Sciences, 
and,  by  one  of  the  curious  coincidences  which  so 
frequently  occur,  his  letter  and  Janssen's  were  read^ 
at  the  same  meeting,  and  within  a  few  minutes  ( 
each  other. 

''The  discovery  excited  the  greatest  enthusiasm, 
and  in  1872  the  French  Government  struck  a  gold 
meflal  in  honor  of  the  two  astronomers,  bearing  their 
united  effigies.  ^m 

"It  immediately  occurred    to  several  observers,^ 
Janssen,  Lockyer,  Zollner,  and  others,  that  by  giving 
a  rapid  motion  of  vibration  or  rotation  to  the  slit  of 
the  spectroscope  it  would  be  possible  to  perceive  the 
whole  contour  and  detail  of  a  protuberance  at  oni 
but  it  seems  to  have  been  reserved  for  Mr.  Huggu 
to  be  the  first  to  show  practically  that  a  still  simpler' 
device  would  answer  the  same  purpose.     With  a 
spectroscope  of  sufficient  dispersive  power  it  is  only 
necessary  to  widen  the  slit  of  the  instrument  by  the 
proper  adjusting  screw.     -\3  the  slit  is  widened,  more 
and  more  of  the  protuberance  becomes  visible,  and, 
if  not  too  large,  the  whole  can  be  seen  at  once;  with 
the  widening  of  the  slit,  however,  the  brightness  of 
the  background  increases,  so  that  the  finer  details 
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t  are  less  cloarly  seen,  and  a  limit  is  soon 
Ibeycmd  which  further  widening  b<  disadvan- 
The  higher  the  dispersive  twwer  of  the 
spectroscope  the  wider  the  slit  that  can  be  used,  and 
the  larger  the  protuberance  tliat  can  be  examined  as  a 
ole — within  certain  UniitM,  howe\'er.  It  is  not 
Kcult  with  our  latest  apectrosc«i»cs,  ditTraction 
itnunenta  espe- 
lliy,  to  reach  a 
tersion  so  great 
even  the  C 
Une  becomes  broad 
and  buy,  tike  tlw 
b  linos  in  an  ordi~ 
nar>-  instrument.  ^'°  Jt_-" '■..««-■.  f.*.t  n^«v*no« 
la  that  case  each 

huninoup  point  in  the  prombcnrc  itself  is  represented 
in  the  image  of  the  pmminenoc,  not  by  a  point,  an  it 
ritould  be  to  give  clear  dcfuiition,  but  by  a  strtak  at 
ri^t  anglee  to  the  spectrum  lines. 


Spvetrum  of  the  Chromosphere  and  Prominenres. 

"  The  spectra  of  tiie  chromosphere  and  pruminencM 
are  very  interesting  in  their  relations  to  that  of  the 
photosphere,  and  present  many  peculiarities  which 
are  not  yet  fully  explained.  At  times  and  in  places 
some  special  disturbance  is  going  on— fre- 
tently  in  the  neighborhood  uf  spots  at  the  timck 
I  they  are  just  passing  around  the  limb  of  the 
It — the  spectrum,  al  the  biu**  of  the  chromosphere, 
1-U 
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is  very  complicated,  consisting  of  hundreds  of  brigh^ 
lines.  In  the  course  of  a  few  weeks  of  observation  at 
Sherman  in  1872,  the  writer  made  out  a  list  of  two 
hundred  and  seventy-three,  and  more  recent  observa- 
tions have  added  largely  to  the  nimiber — at  least 
fifty  lines  within  the  limits  of  the  lyinible  spectrum, 
and,  by  photography,  at  least  eighty  in  the  ultra- 
violet. The  majority  of  the  lines,  however,  are  seen 
only  occasionally,  for  a  few  minutes  at  a  time,  when 
the  gases  and  vapors,  which  generally  lie  low,  mainly 
in  the  interstices  of  the  cloiids  which  constitute  the 
photosphere,  and  below  its  upper  surface,  are  ele- 
vated for  the  time  being  by  some  eruptive  action. 
For  the  most  part,  the  lines  which  appear  only  at  such 
times  are  simply  "reversals"  of  the  more  prominent 
dark  lines  of  the  ordinary  solar  spectrum.  But  the  se- 
lection of  the  lines  seems  most  capricious;  one  is 
taken,  and  another  left,  though  belonging  to  the  same 
element,  of  equal  intensity,  and  close  beside  the  first. 
It  is  evident  that  the  subject  needs  a  detailed  and 
careful  study,  combining  solar  oU^ervations  with 
laboratory-work  upon  the  spectra  of  the  elements 
concerned,  before  a  satisfactory  account  can  be  given 
of  all  the  peculiar  behavior  observed. 

"  The  lines  composing  the  true  chromosphere  spec- 
trum, if  we  may  call  it  so  (that  is,  those  which  are 
always  observable  in  it  with  suitable  appliances),  are 
not  very  numerous,  and  we  give  the  following  list, 
designating  them  by  their  wave  length,  as  given  by 
Rowland ; 
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7QM.S0. 

ili'lium. 

flflttS  06.    V. 

llyOroirn  (H») 

SS!&.m,D,.M<M>do»bU) 

Helium. 

5316,87. 

4Sai.50,     V. 

Hydmitni  (Hfl) 

«7I  80,    /. 

Hrliun,. 

IMOm.     i/inei^rVj). 

HyUfDK«n  (H?) 

4101  85.    h. 

HydraKTii  (HI) 

3070  30    (In  H). 

HjntruKt-n  (11*). 

3068.  M,  11. 

t^olriuni. 

3033  86.  K. 

Cftlciutn. 

"The  first  line  in  generally  verj-  diffirult  to  .kpp, 
though  Aometinitw  pretty  ctiii»picu(mi«.  ft  ix  in  the 
j«d,  between  B  and  a,  and  has  a  verj'  faint  porrp- 
■pooding  dark  lino.  Nu.  3  huH  no  dark  line  corre- 
qionding  ax  a  UKual  thlnf;,  thouRb  uccasioiially  one 
appears,  cspeoially  in  the  neighborhood  of  nun  mpot.s. 
No.  0  in  quite  within  the  hroad  shade  of  the  H-Hne, 
which  thu»  appears  double  in  the  chromosphere  i*|h?c- 
t/um. 

"The  elfvpn  hnes  inentioni-d  above  an-  invariably 
prnent  in  the  Mix-ctrnni  of  the  cliromot^phere;  a  much 
Urger  numlxr  make  their  appearance  on  very  flight 
provocation.     They  are: 


t      M78  2. 


r  M31  1.        Iron, 

r.  6141  0.        Btthum. 

4'.  SMM  3,  D..8n<iiiiin. 

!['  »*90  3,U..  Snliuni. 

r.  SX3  0.         Iran.     T 

7'  S3M  6.        Tiiauiuin 

W  Kt7D  3.        (Thromtui 


11'.  A1K3  8,6,.  Mosnndinn. 

13".  Smo,  b..  MaiciMWUfii, 

13'.  5100  2.  ft,.  iTiMi. 

14'.  51IV7«.  b,.  Mtftnnditi 

15'.  5018 -U. 


501,1  8. 
4D34  :( 
WZi  1. 
4022  :l. 
40)11  1, 


Ranuiii. 

n<-)i<ini 
Irun.    T 
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',     4900.3. 

Barium. 

28'. 

4236.1. 

Iron. 

'.     45S1.1. 

Iron. 

29'. 

4233. S. 

Ircn. 

'.     4501.4. 

Tilacdmn. 

30'. 

4226.9. 

Calciura. 

'.    4491.5. 

Mangiuipw, 

31'. 

4215.7. 

Strom -am. 

'.    4490-2. 

Manganese. 

32'. 

4077.9. 

Strontium. 

'.    4469,5. 

Iron. 

33'. 

4026,0. 

Helium. 

r.     4245,5. 

Iron. 

34'. 

3889  1. 

Hydn^n  CH( 

"It  is  not  intended,  however,  to  intimate  that,  if 
one  of  these  appears,  all  of  them  will  do  so,  nor  that 
they  are  equally  conspicuous  or  equally  common.  To 
a  certain  degree,  also,  their  selection  by  the  writer  is 
arbitrary,  for  there  are  nearly  as  many  more  whicli 
are  seen  pretty  frequently,  and  some  of  them  mi 
very  possibly  be  found  hereafter  to  deserve  a  pli 
upon  the  list  rather  than  some  that  have  been  1 
eluded. 

"It  requires  careful  manipulation  to  bring  out 
fainter  and  finer  line,s  satisfactorily.  The  slit  must 
be  adjusted  with  extreme  care  to  the  focal  plane  of 
the  rays  under  examination,  placed  tangential  to  the 
Bolar  image,  and  brought  exactly  to  the  edge  of  the 
disk.  A  thousandth  of  an  inch  in  its  position  will 
often  make  the  whole  difference  between  a  successful 
operation  and  its  failure,  and  even  a  slight  unsteadi- 
ness of  the  air  will  diminish  the  number  of  bright 
lines  visible  by  at  least  one  half. 

"  As  the  majority  of  the  lines  are  developed  only 
more  or  less  unusual  disturbances  of  the  solar  surface,"' 
it  naturally  happens  that  one  very  often  finds  them 
distorted  or  displaced  by  the  motions  of  the  gases 
along  the  line  of  sight  (toward  or  from  the  observer] 
H6 
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K explained  in  a  previous  chapter,  producing  what 
dcyer  calls  "motion-forms."  Occasinimlly,  also, 
meet  with  " double  revprsalp,"  ho  called,  ei^pecially 
in  tlir  lines  of  magnesium  and  ttodium.  The  (dark) 
linen  of  thcfw  substances  are  rather  wide  in  the  solar 

Etruin.  When  nrversed  in  the  chromosphere 
Irum,  the  phenomenon 
,lly  f«iiisi»tii  of  a  thin 
bright  line  down  the  center 
of  the  wider  dark  hand:  in 
a  double  re%'ersal  the  bright 
Une  tridemt  and  a  Bne  dark 
line  apprarx  in  t(«  center,  so 
that  we  have  it  cenlral  dark 
line,  a  bright  one  on  each 
fkietif  il,  and  outside  of  ihe 
bright  lines  a  dark  shade  on  both  sides.  Fig.  28 
repn^uuit.^  nuch  a  double  reversal  of  the  D-linca 
*ihwr\'e<i  by  the  writer  on  several  occai»ion.s  in 
1S.S0.  The  phenomenon  seem«  to  be  due  to  the  pres- 
ence of  an  unuKual  quantity  of  the  vaixir  at  a  consid- 
erable <iensity,  and  is  the  precise  corr«?lative  ()f  what 
it>  aomptimof  seen  in  the  8|>ectrum  of  a  !*odium-f1ttme. 

Ee  two  D-lines  of  sodium  each  liecomos  itself  double, 
that  we  get  iMiirs  of  bright  lines  in  place  of  idngle 
Is.     The  electric  arc  often  shows  this  still  more 
finely. 

"  At  the  base  of  a  prominence,  the  C,  F,  H,  and  K 
linen  are  atwaya  thua  doubly  reversed.    Fig.  29  w  from 
t  photograph  of  tho  C-line  obtained  at  Prince- 
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ton,  l)y  Mr.  Reed,  with  the  large  telescope  and  s] 

trosro|)P.  Thp  slit  was  tangential  to  the  sun's  limb! 
Of  foursc.  an 
i  so  chromatic 
plate  and  a 
long  exposure 
were  required 
to  get  such 
an  impression 
from  the 
"ruby  light" 
of  that  part 
of  thf  spec- 
trum. When 
tlie  slit  is  ati- 
justed  to  cross 

thp  sun's  limb  radially  the  bright  lines  where  they 

project  beyond  the   spectrum   of  the  photosphere 

asiBume  the  "arrow-headed"  form  shown  in  Fig.  30. 
"  Generally  speaking,  the  spectrum  of  a  prominence 

is  simpler  than  that  of  the  chromosphere  at  its  base. 

We  seldom   find   any 

lines  except  C,  D3,  F, 

g.   h,  H  and  K,  at  a 

considerable  elevation 

above  the  photosplii'i  1  ■, 

though  /is  sometiiiir- 

met    with.      On    rare 

occasions,  also,  the  vapors 

are  carried  into  the  higher  regions,  and  once  or  twice 


ine  cnromospnere  at  ii-s  uase. 

Fig.  30.  ^^B 

ors  of  sodium  and  magnesiul^l 
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t  writer  hoft  seen  the  line  No.  I  of  the  second  lixt 
178.2)  in  the  upper  portions  of  a  prominence. 

vtton  of  Promirurncex. 
I  *•  When  the  epectmsrope  ist  uswl  a*t  a  meaoH  of  ren- 
iiiK  viKiblo  ihc  romiH  luid  featureH  of  the  promi- 
.  the  only  different!  in  that  the  slit  is  more  or 
I  widuuMJ. 

"The  telescope  is  (Urertnd  m  that  the  solar  Jmi^e 
nhall  fail  with  that  portion  of  itfi  limb  which  in  to  he 
nined  just  tangent  to  the 
ned    sHl,  an   in    Fig.    31, 
1  reprpMpnt.><  theslit-plale 
e  spert nweope,  with  the 
•  iif  Ihe  Min  ill  p(wiliiin 
»>b*r>'ation. 

"If,  oow,  a  prominriiee  ex- 
I  at  this  part  of  the  sun'ii 

■inmid  pnihably  bo  the  case,  cotbudcring  the 

■  the  spot  shown  in  the  fipire),  and  if 

s  itself  in  «o  adjusted  that  the  C-linc 

ilinilMtoeitlcrof  the  field  of  view,  then,  on  lookinR 

i  tfae  eyepiece,  one  will  nee  Mimethiiig  murh  like 

The  red  portion  of  the  spectnini  will  stretch 

t  the  lirld  of  view  like  a  strarlet  ribbon,  with  a 

1  band  acruiM  it,  and  in  that  band  will  appenr 

•,  like  scarli't  clouds— so  like  our  own 

I  elouda,  iudcetl,  in  fonn  and  texture,  that 

Ace  is  quite  startling:  one  might  almost 

z  he  was  looking  out  through  a  partly  opened 
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door  upon  a  sunset  sky,  except  that  there  ia  no  variet 
or  contrast  of  color;  all  the  cloudlets  are  of  the  same 
pure  scarlet,  hue.  .\long  the  edge  of  the  opening  is 
seen  the  cliromosphere.  more  brilliant  than  the  clouds 
which  rise  from  it  or  float  above  it,  and  for  the  most 
part  made  up  of  minute  tongues  and  filaments.  Usu- 
ally, however,  the  definition  of  the  chromosphere  Is 
less  distinct  than  that  of  the  higher  clouds.  The 
reason  is,  that  close  to  the  limb  of  the  sun,  where  the 
temperature  and  pressure  are  highest,  the  hydrogen 
is  in  such  a  state  that  the  lines  of  its  spectrum  are 
widened  and  "winged,"  something  Uke  those  of  mag- 
nesium, though  to  a  less  extent.  Kach  point  in  the 
chromosphere,  tlierefore,  when  viewed  through  the 
opened  slit,  appears  not  as  a  point,  but  as  a  short  line, 
directed  lengthwise  in  the  spectrum.  As  the  length 
of  this  lino  depends  upon  the  dispersive  power  of  the 
spectroscope,  it  is  easy  to  see  that  it  is  possible  to  go 
too  far  in  this  respect.  The  lower  the  dispersion  the 
more  distinct  the  image  obtained,  but  also  the  fainter 
as  compared  with  the  background  upon  which  it  ia 


"Just  beneath  the  chromosphere  (at  a  in  the  cut) 
the  appearance  is  as  if  the  edge  of  the  sun  was  dark,  a 
phenomenon  which  for  some  time  was  very  puzzhng. 
Its  explanation  lies  in  the  "double  reversal"  of  the 
C-Iine  at  the  base  of  the  chromosphere,  discussed  a 
figured  a  few  pages  back. 

"If  the  spectroscope  is  adjusted  upon  the  F-li 
instead  of  C,  then  a  similar  image  of  the  prominenei 
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and  I'hroniwqihere  is  seen,  only  blue  Inst  fad  of  wrarlet ; 
usually,  however,  since  the  F-liiio  is  hazier  and  more 
uingod  than  C,  this  blue  image  is  somewliat  less  per- 
fect in  itii  details  and  definition,  and  i^  therefore  lees 
UH!d  for  obwrvation.    Similar  effects  arc  obtained  by 
mean-s  of  the  yellow  lincnear  D,  and  the  violet  line  near 
G.     With  suilable  precaulioiw,  uaing  a  violt'l  shaths 
gla^s     before     the 
eye,  and  carefully 
shutting     out    all 
extraneous     litchl. 
Ibe  H  and  K  liiK-s 
can  abm  be  uao]; 
^^K|t  viffual  ijlK«>rMi- 
^^HbDK         this  |>:iri 
^^Prthe  itpectrutn  an- 
^KKtmiK-ly  diflirult 
^^Vid  utisatinfactiin,*. 
it 
raphy  the  ciuf  is 

the  reverse — ihcwc  lines  are  then  precisely  tho^e 
which  can  be  employed  mont  easily  and  eonveniently. 
We  sihall  recur  to  this  a  Uttlc  later. 

"Professor  Wiiiloek  and   Mr.    l-ockyer  have  at- 

f  using  an  aiumlar  f)peninK  in-olead  of  the 

,  to  obtain  a  view  of  the  whole  circum- 

( the  mm  at  once,  and  have  Hucceedetl.  With 

ope  of  sufficient  power,  and  adjustments 

e  enough,  the  t  hing  can  bo  done ;  but  as  yet  do 

vmy  satisfactory  n»ult»  appear  to  have  been  re«ubed. 
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We  still  (in  visual  observations)  have  to  exai 
circumference  piecemeal,  so  to  speak,  readjusting  the 
instrument  at  each  point,  to  make  the  slit  tangen- 
tial to  the  limb. 

"The  number  of  protuberances  of  consideral 
magnitude  (exceeding  ten  thousand  miles  in  altitude), 
visible  at  any  one  time  on  the  circumference  of  the 
sun,  is  never  very  great,  rarely  reaching  twenty-five 
or  thirty.  Their  number,  however,  varies  extremely 
with  the  number  of  sun  spots:  during  a  sun-spot 
minimum  there  arc  not  unfrequently  occasions  when 
not  a  single  one  can  be  found,  though  even  durii 
those  years  the  more  usual  number  ia  five  or  six- 
some  of  which  often  are  of  considerable  size.  The 
observations  of  Tacchini  and  Seochi  have  showed  that 
their  numbers  closely  follow  the  march  of  the  sun 
spots  though  never  falling  quite  so  low. 

"To  Tacchini  we  owe  our  most  complete  record  of 
these  objects,  now  continuous  since  1872,  giving  their 
number  and  distribution  upon  the  sun,  with  drawings 
of  all  that  were  specially  remarkable.  Many  others 
have  cooperated  in  observations  of  this  kind:  the 
Hungarian  observers,  Fenyi  at  Kalocsa,  and  Von 
Gothard  at  Hereny,  have  given  us  many  fine  descrip- 
tions and  delineations.  Father  Perry  and  his  assis- 
tant Sidgreaves,  at  Stonyhurst,  also  deserve  a  special 
mention. 

"Their  distribution  on  the  sun's  surface  is  in 

respects  similar  to  that  of  the  spots,  but  with  im] 

,  tant  differences.     The  spots  are  confined  within  40' 
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^Bf  the  itutiV  {*(|uat<>r,  Ix-iiiK  nioNt  uunipmiit^  rI    a 

^MoUr  Intitudf  of    abmil    20°  on    each  hutnisphere. 

*Kow,  tbi'  proluheranci's  are  most  miniprou!*  pre- 
fisoly  whtTt-  the  itjxAa  an?  most  ubiuitlutit  but 
they  do  not  (Imppear  at  a  latitude  of  40°:  ibcy 

Vj^c  found  even  at  rhe  polps,  and  from  tht-  latitude 


-RatATiTB  FNcqmtTT  or  PmmrakNAircni  « 


of  60°  actually  increase  in  number  to  a  latitude 
I  about  75°. 

J*'The  annexed  diagram.  Fig.  33,  represents  the 

tvc  frequeney  of  the  pmtubcranoen  and  opntfl  on 

)  different  p<irtions  of  the  (tokr  siirfape.     On  the 

I  nde  is  pvru  the  result  of  f'arrinitton'»  ob»er\'n- 

B  of  1,38»  f^pola  between  IK53  and  \mi.  and  nn 

ri^t  the    result    of    Secchi's    olMtervatioaa    of 

IM 
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2,7fi7  '  pnttuljeraiu-eH  in  IS71.  The  It'iiglh  of  oiu'li  rOs 
dial  line  represents  the  number  of  spots  or  protubi 
aiicps  observed  at  eacli  parttnilar  latitude  on  a  .tcal^ 
of  a  quarter  of  an  intrh  to  the  hundred ;  for  example, 
Secchi  gives  228  protuberanres  as  the  number  ob- 
served during  the  period  of  his  work  between  10*^  and 
20°  of  south  latitude,  and  the  corresponding  hne 
drawn  at  15°  south,  on  the  left-hand  side  of  the  figure 
is  therefore  made  m  or  .57  of  an  inch  long.  The 
other  lines  are  laid  off  in  the  same  way,  and  thus  the 
irregular  curve  drawn  through  their  extremities  rep- 
resents to  the  eye  the  relative  frequency  of  these  phe- 
nomena in  the  different  solar  latitudes.  The  dotted 
line  on  the  right-hand  side  represents  in  the  same 
manner  iind  on  the  same  scale  the  dUtribution  of  the 
larger  ijniluberances,  having  an  altitude  of  more  than 
1',  or  27,0IH)  niile-s. 

"A  mere  inspection  of  the  diagram  shows  at  once 
that,  while  the  prominences  may,  and  in  fact  often 
do,  have  a  close  connection  with  the  spots,  they  are 
yet  to  some  extent  independent  phenomena. 

"A  careful  study  of  the  subject  shows  that  they 
are  much  more  closely  related  to  the  faeula;.^  In 
many  cases,  at  least,  faculte,  when  followed  to  the 


'  The  2,767  prominenceH  are  not  ftll  (iilTpnmt  ones.  If  any  of  the 
prnniinenres  observed  on  one  day  remainBd  visible  the  next,  they 
were  recorded  afreHh;  and,  as  a  pnmiinencp  near  the  pole  would  be 
carried  but  slowly  out  of  sight  by  the  sun'a  rolalioti,  it  is  thus  easy 
to  see  how  the  number  of  prominencee  recorded  in  the  polar  te^oitf 


o  large. 
'See  page  10f>  [of  YounKj. 


mb  of  the  sun,  have  been  found  to  be  siirrountled  by 
promineuees,  and  there  is  reason  to  suppose  that  the 
fact  in  a  general  one.  The  spots,  on  the  other  hand, 
whim  they  reach  the  lK)rder  of  the  sun's  imaRe,  are 
eontmouly  (*urrounde<i  hy  prominences  more  or  less 
completely,  but  seldom  iiverlaJd  by  them.  Indeed, 
Uexpigbi  aHwrtc  (and  the  most  esireful  oh«ervatioii8 
we  have  been  able  to  make  confirm  his  statement) 
that  as  a  geiierid  rule  the  chronioHpheTe  ib  eomsider- 
ftbly  dcprwwod  imniediat^'ly  over  a  spot.  Secchi,  how- 
ever, di>niett  thin. 
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Magnitude  and  Clanifijicalion  of  I'rominences. 

"The  protuberances  differ  greatly  in  magnitude. 
The  averagi'  depth  of  the  chromosphere  in  not  far 
from  10"  or  12".  or  about  5.000  or  tj,000  milew.  and  it 
not.  therefore,  customary  lo  note  a«  »  prominence 
rluud  with  nn  L-levation  of  Ipn*  l  hart  15"  or  20"  - 
■.000  to  y.OOO  miles.  Of  the  2,707  ulready  quoted. 
I.JKU  attained  an  altitude  of  40",  or  IS,000  mile»,  and 
it  is  worthy  of  notice  that  the  smaller  ones  are  m  few, 
ouly  about  one  third  of  the  whole:  751,  or  nearly  one 
fourtli  of  the  whole,  reached  a  heiglit  of  over  1',  or 
mileei>;  the  preeLse  number  which  reached 
elevalionn  iw  nnf  mentioned,  hut  several  ex- 
1  3',  or  K.i.O()(l  miles.  It  if;  only  rallicr  rareJy 
lliey  n'lM'h  clevjiliouH  iw  great  iw  KHI.ttOO  niiW. 
writer  ha.-*  in  tdl  wm-u,  perhaps,  three  or  four 
ejtreeded  l.'iO.OiXt  miles,  luid  S^Tchi  has  re- 
lied one  of  :UK).000  miles.     On  OctoU-r  7,  IHSO, 
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the  writer  observed  one  which  attained  the  still  un-  \ 
equaled  height  of  over  13'  of  arc,  or  350,000  mites. 
\Mien  first  seen,  on  the  southeast  limb  of  the  sun,J 
about  10.30  a.m.,  itwaaa"horn"  of  ordinary  appeal 
ance,  some  40,000  miles  in  elevation,  and  attracted! 
no  special  attention.     WTien  next  seen,  half  an  hour! 
later,  it  had  become  very  brilliant  and  had  doubled 
its  height;  during  the  next  hour  it  stretched  upward 
until  it  reached  the  enormous  altitude  mentioned, 
breaking  up  into  filaments  which  gradually  fadet 
away,  until,  by  12.30  p.m.,  there  was  nothing  left, 
telescopic  examination  of  the  sun's  disk  showed  n 
ing  to  account  for  such  an  extraordinary  outbui 
except  some  small  and  not  very  brilliant 
While  it  was  extending  upward  most  rapidly  a  violei 
cyclonic  motion  was  shown  by  the  displacement  < 
the  spectrum  lines,  and  H   and  K  were 
through  its  whole  height. 

"Ill  their  form  and  structure  the  protuberai 
differ  as  widely  as  in  their  magnitude.     Two  priuci-J 
pal  classes  are  recognized  by  all  observers — the  q 
eacent.  cloud-formed  or  hydrogenous,  and  the  e 
or  metallic.     By  Seechi  these  are  each  further  e 
divided  into  several  sub-classes  or  varieties,  betw 
which,  however,  it  is  not  always  easy  to  maintain  t 
distinctions. 

"And  here  perhaps  is  the  proper  place  to  menticU 
that  Truu\'eIot  insists  on  the  existence  of  ' 
prominences^i.e.,  clouds  of  cooler  hydrogen  thai 
absorb  the  light  of  the  hyihogen  behind  thorn; 
lo6 
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there  is  no  proof,  we  think,  that  these  are  anythingj 
but  "holes. "  Tacchini,  on  the  other  hand,  is  dispose 
to  assert  the  existence  of  "white"'  prominences,  whicj 
give  a  rontinuous  spectrum,  and  so  are  not  reached 
by  spectroscopic  obser\'ation,  though  conspicuous  t 
the  eye,  and  on  the  photographic  plate,  at  the  time  d 
a  total  eclipse,  as  in  1883  and  December,  1889.  BuJ 
the  evidence  hardly  warrants  confident  belief  in  t 
existence  of  such  objects, 

"The  quiescent  prominences  in  form  and  textui 
resemble,  with  almost  perfect  exactness,  our  terres-" 
trial  clouds,  and  differ  among  themselves  as  much  and 
in  the  same  manner.     The  famiUar  cirrus  and  stratus 
types  are  very  common,  the  former  especially,  whil 
the  cumulus  and  cumulo-stratus  are  less  frequeni 
The  protuberances  of  this  class  are  often  of  enormod 
magnitude,  especially  in  their  horizontal  extent  (bta 
the  highest  elevations  are  attained  by  those  of  thi 
eruptive  order),  and  are  comparatively  permanent,! 
remainir^  often  for  hours  and  days  without  seriom 
change ;     near   the    poles    they    sometimes    persists 
through  a  whole  solar  revolution  of  twenty-i 
days.     Sometimes  they  appear  to  lie  upon  the  I 
ot  the  sun  like  a  bank  of  clouds  in  the  horizon ; 
ably  because  they  are  so  far  from  the  edge  of  the  d 
that  only  their  upper  portions  are  in  sight, 
seen  in  their  fidl  extent  they  are  ordinarily  conncctf 
to  the  underlying  chromosphere  by  slender  colum 
which  are  usually  smallest  at  the  base,  and  app 
often  to  be  made  up  of  separate  filaments  closely  in-j 
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tertwined,  aad  expanding  upward.  Sometimes 
whole  under  surface  is  fringed  with  dowD-hanging 
filaments,  which  remind  one  of  a  summer  shower  fall- 
ing from  a  heaN-y  thundercloud-  Sometimes  they 
float  entirely  free  from  the  chromosphere;  indeed,  as 
a  general  rule,  the  layer  clouds  are  attended  by  de- 
tached cloudlets  for  the  most  jiart  horizontal  in  their 
arrangement. 

"The  figures  give  an  idea  of  some  of  the  general  ap- 
pearances of  this  class  of  prominences,  but  their  del- 
icate, filmy  beauty  can  be  adequately  rendered  only 
by  a  far  more  elaborate  style  of  engraving. 

"Their  spectrum  is  usually  very  simple,  consisting 
of  the  four  lines  of  hydrogep,  and  the  three  of  helium, 
with  n  and  K.  Occasionally  the  sodium  and  mag- 
nesium Unes  also  appear,  and  that  even  near  the  sum- 
mit of  the  clouds;  and  this  phenomenon  was  so  much 
more  frecjuently  obser\'ed  in  the  clear  atmosphere  of 
Sherman  as  to  suggest  that,  if  the  power  of  our  spec- 
troscopes were  sufficiently  increased,  it  would  cease 
to  be  unusual. 

"The  genesis  of  this  sort  of  prominence  is  problem- 
atical. They  have  been  commonly  looked  upon  as 
the  debris  and  relics  of  eruptions,  consisting  of  gases 
which  have  been  ejected  from  beneath  the  solar  sur- 
face, and  then  abandoned  to  the  action  of  the  ciu"- 
renti  of  the  sun's  upper  atmosphere.  But  near  the 
poles  of  the  sun  distinctively  eruptive  prominences 
never  appear,  and  there  is  no  evidence  of  aerial  cur- 
rents which  would  transport  to  those  regions  matt» 
IfiO 
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^TBCted  nearer  the  sun's  equator.  Indef>d,  the  whole 
appearance  of  these  objects  indicates  that  they  orig- 
inat«  where  we  t«ee  them.  Possibly,  iilthmi^h  in  the 
polar  regiomi  there  arc  no  violent  eruptiuris,  there 
yet  may  be  a  quiet  outpouring  of  he-nted  hydrogen 
sufficient  to  account  for  llieir  pnHluclion  -an  oul- 
rush  issuing  through  the  snialler  poren  of  the  .wlar 
surface,  which  alxiund  near  the  poles  a»  well  as 
dflcwhero. 

"Bui  .Secchi  reports  an  obse-rvation  which,  if  cor- 
rect, puts  a  very  different  face  upon  the  matter.' 
He  has  seen  Isolated  cloudlets  form  and  grow  spon- 
taoeousty  without  atiy  i>erceptible  comiei^tion  with 
ibc  cluMmospherc  or  other  nmsttes  of  hydrogen,  just 
as  in  our  own  atmosphere  rlouds  form  from  aqueous 
v^ior,  already  prexent  in  the  air,  hut  invisible  imtil 
miK  local  cooling  or  change  of  pressure  causes  its 
oondensation.  The^e  pn>minenceH  are,  therefore, 
farmed  by  Kome  local  heating  or  other  luminous  ex- 
citement of  hydrogen  already  present,  and  not  by  any 


■Od  Ortobpr  13,  1880,  the  nriUtf  Tor  the  rml  liiau  met  with  thn 
Mmr  pKRuimcBon.  A  imall,  briftht  dniid  ^ppntrvd  on  that  day, 
■boot  11  «.  W  ,  nt  HI  elcvalJaD  of  MHiiit  ^l^'  (flT,500  milea)  altaw  thr 
fioib,  without  any  evident  fatiar  vt  any  VMhlc  cotmrclion  with  the 
lhilMlllM^lllilH  bel'fw.  It  icrrw  rapidly  without  Miy  anuijIilF  ri*iiMt  or 
MEac  and  in  mi  huur  dcvrlnpnl  into  »  Urge-  ■tralifanu  dowl, 
impikf  on  the  upper  mirfiut-.  Uit  ofiaiiy  fl«t  tiMieftth  from  ihia 
lower  inrfMe  pmdmt  filanu-ni*  grew  out,  txA  by  the  nuildle  of  the 
I  the  object  hail  liecunw  one  of  the  ordinMy  •tenmmJ 
I,  much  like  Ftit.  \\. 

\y  the  thine  >*  very  uniwiikl,  fnr  In  tnon  llwn  tvetrty 
n  I  hiivi'  •'IK  Diinti-ni!  ilic  phenumenon  nnly  ihrrr 
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transportation  and  aggregation  of  materials  from  a 
distance.  The  precise  nature  of  the  action  which 
produces  this  effect  if  would  not  be  possible  to  assign 
at  present;  but  it  is  worthy  of  note  that  the  spectro- 
scopic observations  made  during  eclipses  rather  favor  ' 
this  view,  by  showing  that  hydrogen,  in  a  feebly  ' 
luminous  condition,  is  found  all  around  the  sun,  and 
at  a  very  great  altitude — far  above  the  ordinary  range 
of  prominences, 

"Indeed,  in  most  cases  the  forms  and  changes  of 
this  class  of  prominences  so  closely  resemble  oiu-  own 
terrestrial  clouila  that  one  is  almost  forced  to  believe 
that  the;'  are  surrounde<l  by,  and  float  in,  a  medium, 
which  docK  not  greatly  differ  from  thems^ves  m  den-' 
sity,  though  it  is  not  visible  in  the  spectroscopic  mode  I 
of  observation. 


Eruptive  Pnnniiienccs. 

"The  eruptive  prominences  are  very  different^ 
much  more  brilliant  and  much  more  vivacious  t 
interesting.     They  consist  usually  of  brilliant  spikes 
or  jets,  which  change  their  form  and  brightness  very 
rapidly.     For  the  most  part  they  attain  altitudes  of 
not  more  than  20,000  or  30.000  miles,  but  occasion- 
ally they  rise  far  higher  than  even  the  largest  of  ths   . 
clouds  of  the  preceding  class.     Their  speet  rum  is  very    ' 
complicated,  especiiUly  near  their  base,  and   uft«a    '. 
filled  with  bright  lines,  those  of  sodium,  magnesium,    f 
barium,  iron,  nnd  titanium,  being  especially  conspicu-  »n 
ous,  while  i;alciuni|  clu-oniiuni  niuuganese,  and  profe 
163 
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ably  sulphur,  are  by  no  means  rare,  and  for 
reason  Secchi  rails  them  melallic  prominences. 

"They  usually  appear  in  the  immediate  neighl 
hood  of  a  spot,  never  occurring  very  near  the  solar 
poles.  Their  form  and  appearance  change  with  great 
rapidity,  *io  that  the  motion  can  almost  be  seen  with 
the  eye — an  interval  of  fifteen  or  twenty  minutes 
being  often  sufficient  to  transform,  quite  beyond  rec- 
ognition, a  mass  of  these  flames  fifty  thousand  milei 
high,  and  sometimes  enibra(iing  the  whole  period  of 
their  complete  development  or  disappeai'ance.  Some- 
times they  consist  of  pointed  rays,  diverging  in  all 
directions,  like  hedgehog-spines.  Sometimes  thejr. 
look  like  flames;  Kometinies  like  sheaves  of  grain; 
sometimes  like  whirling  waterspouts,  capped  with  a 
great  cloud;  nrca.-'ionHlly  they  present  most  exactly 
the  appearance  of  jets  of  liquid  fire,  rising  and  falling 
in  graceful  parabolas;  frequently  they  carry  on  their 
edges  spirals  like  the  volutes  of  an  Ionic  column;  and 
continually  they  detach  filaments  which  rise  to  & 
great  elevation,  gradually  expanding  and  growing 
fainter  as  they  ascend,  until  the  eye  loses  them.  Our 
figures  present  some  of  the  more  common  and  typical 
forms,  and  illustrate  their  rapidity  of  change,  but 
there  Is  no  end  to  the  number  of  curious  and  interest- 
ing appearances  which  they  exhibit  under  varying 
circumstances. 

"The  velocity  of  the  motions  often  exceeds  a  hun- 
dred miles  a  second,  and  sometimes,  though  very 
rarely,  reaches  two  himdred  miles.   That  we  have  to 
164 
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•  with  actual  motiotix,  and  not  with  more  change  of 
icr  of  a  luminous  form,  in  renderwl  certain  by  the 
i  tliat  th«  tincM  of  thn  »iwptniin  arc  oft^m  displaced 
distortnl  in  a  manner  to  indicate  that  some  of  the 
id'niUMpK  an.'  niu^'inn  either  U)warii  or  from  the 
I  (uiid,  of  course,  tangential  to  the  solar  surface) 
I  Kintilar  swiftnesK. 

;.  52  is  a  representation  of  a  portion  of  the  spec- 
f  a  pniminence  (»l^ser^•e^^  at  Sheminn  on  Aiimist 


S,  1872,  an  observation  ta  which  aUiision  was  made  in 

the  praceding  chapt«r.     The  F-line,  at  2()S  of  the 

aeaif.  must  be  imagined  as  blazingly  brillianl,  and 

[unter  bright  lines  appear  at  20:1.2,  208.8,  209.4.  and 

^^ti{.l  (the  lU'ide  \h  KirchholT's).  while  two  band»  uf 

^^btimious  spectrum,  produced  probably  by  the  com- 

^^^nn  nf  the  ga:4  at  the  paint«  of  maximum  diM- 

tttifumce,  run  the  whole  length  of  the  figure.     .\t  the 
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upper  point  of  disturbance  F  is  drawn  out  into  a 
reaching  to  207.4  of  the  scale,  and  indicating  a  V) 
ity  of  230  miles  a  second  away  from  us;  at  the  loi 
point  it  extends  to  208.7,  and  indicates  a  velocity 
about  250  miles  per  second  toward  us,  It  was  verj' 
noticeable  that  this  swift  motion  of  the  hydrogen  did 
not  seem  to  carry  with  it  many  other  substances 
which  were  at  the  time  represented  in  the  spectrum 
by  their  bright  lines;  magnesium  and  sodium  were 
somewhat  affected,  but  barium  and  the  unknown  ele- 
ment of  the  corona  were  not, " 

An  examination  of  the  sun's  limb  for  prominences 
is  made  on  every  fair  t)bserving  day  at  many  observa- 
tories. At  the  Italian  observatories  of  Rome  and 
Catania  such  observationK  have  been  continued  by 
Secehi,  Tacchini,  and  Rieco  for  about  forty  years, 
general  discussion  of  this  highly  valuable  mi 
observations  is  about  to  be  published. 


ears.^^^ 
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Prominences  and  the  Speciroheliograph. 

Since  the  introduction  of  the  spectroheUogrsplTf 
prominences  can  be  observed  much  more  satisfactor- 
ily than  before.     In  Plate  XIV,  Fig.  1  shows  a  large 
quiescent  prominence  photographed  by  Slocum  v 
the  Rumford  spectroheliograph  at  the  Yerkes  ( 
servatorj'.     The'  height  of  the  prominence  as  s 
in  the  plate  Is  ]  .6  minutes  of  arc,  or  69,000  kilometCTsT 
Slocum  states  that  this  prominence  lasted  probalily 
continuously  for  at  least  fifty-five  days  in 
of  1910,  but  Everahed  traces  it  twenty-s 
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^^OBger  i<tUI,  Its  pouthem  pxtremity  remained  nearly 
Htatiniuin-  near  20°  south  latitude,  while  the  northern 
rnd  variefi  greatly;  from  the  equator  on  March  4,  to 
2.1°  mirth  latitude  on  March  IS;  then,  retiring, 
rwirhed  10°  south  latitude  on  April  28.  At  no  time 
miild  the  prominence  he  !*een  pnijected  against  the 
sun's  dink  in  Slocuni's  calcium  spectroheliographic 
observational.  He  saw  it  only  on  the  sim's  limbs. 
But  Evcrshed  mid  Declandroc  photographed  it  re- 
peatedly; the  former  in  Ha  calriuni.  the  latter  in  Kj 
calcium  and  Ua  hydrogen  light,  appearing  like  a  long 
cloud  upon  the  Hun'»  di^^k.  A  »<iniilar  feat  ure  is  shown 
in  the  Ho  photograph  reproducctl  in  Plate  VI  from 
micnnati's  Mount  Wilwju  obaervations  of  April  30, 
1908. 

Verj-  l>pa(itiful  enjptive  prominences  are  oeca- 
oonally  DbM>r\'ed  with  the  spectroheliograph.  The 
two  lower  figures  in  Plate  XIV  hIiow  an  uncommon- 
ly fine  quasi-eruptive  prominence  photographed  Oc- 
tober 10,  1910,  in  (he  H  line  of  calcium,  by  Slocum  at 
the  Verkes  Observatory.  Although  by  no  meanK  aa 
active  as  some  eruptive  prominences,  this  one 
changed  rapidly,  and  there  may  be  seen  conwderable 
differences  in  form  in  the  two  exposures,  separated 
by  a  time  interval  of  only  ten  minutes.  The  Approxi- 
tnate  position  wati  a.*^  follows:  Solar  latitude  24"  to 
39°  3;  longitude  223°.  Height  2.5  minutes  of  arc,  or 
106,000  kilometers. 


and  Lock^'S^ 


Recent  Flash-spectrum  Observations. 

Following  the  great  discovery  of  Janssen  and 
yer  in  1868,  the  next  year  brought  the  important  dis- 
covery of  helium  in  the  sun — a  chemical  element  not 
found  on  the  earth  for  nearly  thirty  years  afterwards. 
Young  kept  up  the  pace  by  the  discovery  of  the 
"flash  spectrum"  at  the  total  solar  eclipse  of  1870. 
Setting  the  slit  of  his  spectroscope  where  the  chromo- 
sphere should  be,  and  keeping  his  eye  prepared  for 
what  he  was  about  to  witness,  he  saw,  as  the  last 
photospheric  rays  were  extinguished,  a  bright  line 
reversal  of  the  photospheric  spectrum  flash  out  to 
view.  It  wa-s  not  till  1896  that  the  flash  spectrum 
was  photographed  by  Shackelton  with  a  prismatic 
camera. 

The  chromosphere  appears  as  a  very  thin  crescent,  i 
hence  its  spectrum  may  be  photographed  without! 
slit  or  collimator.  The  appearance  of  such  spectra 
may  be  understood  from  Plate  XV,  Fig.  1,  taken  hy■•^ 
S.  A.  Mitchell  at  the  eclipse  of  1905.  The  speotnuOi 
lines  are  each  represented  by  arcs  of  circles.  Where 
very  long  arcs  appear,  they  correspond  to  the  great 
lines  of  hydrogen  and  calcium.  These  elements  ex- 
tend much  higher  above  the  sun  than  others,  and 
hence  continue  in  sight  longer  as  the  moon  advances. 

It  was  feared  that  the  astigmatism,  which  makes 

the  concave  grating  a  valuable  laboratory  instrument, 

would  render  it  unfit  for  use  on  the  flash  spectrum 

without  a  slit.    A  slit  for  such  work  is  undesirable, 

ir,8 
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int  of  the  loss  of  liRht.  The  work  of  Mitchell 
B  used  for  the  iihotography  of  stellar  spec- 
nrland  eoncav«!  ji^atuiK  om  an  objective  grat- 
ing, without  Kljt,  pavoil  the  way  fur  the  u»e  of  grat- 
ings St  the  time  of  an  eclipse.  They  were  first  used 
in  BoMh-dpectrum  photography  in  1900. 

Suooessful  phott^fraphic  observations  uf  the  flash 
apectnun  have  been  made  at  the  eclipstsi  of  1896, 
1S9S,  1000,  1901,  lOai,  and  1908.  ;\motiK  the  obsexv- 
ere  have  been  Shackelton,  Cainpl>ell,  Evershed, 
DyaoQ,  Je«'cll,  Frost,  Ixird,  S.  A.  Mitchell,  Perrine, 
and  othcnt.  The  obiiiervationtt  have  shown  that  the 
flanh  spectrum,  or  spertnim  of  the  rhromtwpherr.  is 
OBMitially  the  revenwl  of  the  onlinary  Fraunliofer 
sport  rum.  hut  with  some  significaiil  dilTerence!'. 
Many  of  the  weaker  Fraunliofer  lines,  of  courw,  do 
not  appear.  The  lineH  of  the  two  s|)eetra  in  genend 
bear  dUTerent  relative  intensitie-s.  Taking  the  lines  of 
any  onp  chemical  element  by  itself,  however,  the  rel- 
ative intensities  in  the  two  spectra  arc  not  verj-  dif- 
ferent. IxK-kyer,  Rvershed,  and  Dyson  find  in  (p-n- 
vral  that  the  so-culled  enhanced  or  xpark  lines  are 
more  prominent  in  the  flaj^h  spectrum  than  in  the 
photonpheric  spectrum.'  The  cause  of  the  dis- 
en-pancy  between  the  lino  inlonajtiea  in  the  spectra, 
an  a  whole,  HeeoLs  b)  be  that  the  element-s  of  higher 
atomic  wcightt  are  l&i»  prominent  in  flai*)!  s{M>i-(ra. 
Dsrson,  in  diseuswing  the  Greenwich  ohservationn 
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of  the  eclipses  of  1900, 1901,  and  1905,  gives  the  iiiea»!S 
ured  positions  of  about  1200  lines,  and  identifica- 
tions of  most  of  them  with  single  lines,  or  with  blends 
of  several  lines,  found  in  Rowland's  tables.  The 
range  of  spectrum  observed  is  from  3295  Ang- 
stroms, in  the  ultra-violet,  to  5896  In  the  orange.  The 
average  deviation  of  the  positions  from  the  positions 
fixed  by  Rowland  is  0.04  Angstroms,  but  as  Dyson's 
spectra  are  prismatic  this  difference  Ls  exceeded  in 
the  green  and  yellow.  Dyson  found  twenty-six  strong 
lines  of  hydrogen  agreeing  excellently  in  position 
with  the  places  fixed  by  Balmer's  series  formula. 
Helium  is  also  a  prominent  element.  The  following 
are  the  chemical  elements  as  they  are  found  repre- 
sented by  their  spectral  lines: 

Very    strong:    Hydrogen,    Hehiim,    Magnesium, 
Calcium,  Scandium,  Titanium,   Chnmiium,   StroiifJ 
tium. 

Strong:    Manganese,   Iron,  Yttrium,    Zirconiui 
Barium,  Lanthanum,  Cerium,  Erbium,  Europeum,^ 

Not  very  strong:  Carbon,  .AJuminum,  Vanadiui 
Neodymium. 

Very  weak:  Nickel,  Cobalt,  Lead. 

Possibly  shown:  Zinc,  Lanthanum,  Tantalum. 

Doubtful:  Silicon,  Gadolinium,  Prsesodymium. 

Absent:'  Argon,  Neon,  Krypton. 

Not  well  shown  within  limits  of  spectrum:  Sodium 

The  arc  lines  of  aluminum,  magnesium,  barium, 

'  Mil.chell,  howevur,  incliHes  to  think  these  dementa  are  refve- 
eeoted  in  the  flash  spectrum  by  weak  lines. 
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c,  and  load  appoar  to  be  present,  whereas  their 
lanoed,  or  wpark,  lines  show  not  at  all,  or  faintly. 
this  Dyson  finds  those  olpmcnta  exooplinnal,  for  in 
gpncnkl  it  is  the  enhanced  lines  which  predominate  in 
tbe  Bash. 

The  Heights  of  Different  Metals  in  the  Chromosphere. 
By  mcauirinK  the  lenKihs  of  the  arcs  seen  b»  flash 
■pectrum  lines,  observers  have  estimated  the  heights 
to  which  tlie  elements  rise  in  tbe  chronicisphere  above 
the  (sun's  general  surface.  From  Sir  Nomian  Loek- 
yer'fl  report  o(  observations  of  tbe  eclipse  of  189K,  we 
have  the  following  values.  The  ordinary  chemical 
lymbob  for  the  elements  arc  used  for  short: 


tamttwn     iTDO    7300    HOn  1)00  33m 


Jewell.'  from  obeer^'ations  of  the  eclipses  of  1900 
and  1901,  estimatCM  the  chromo^bcric  heights  cor- 
responding to  separate  lines  of  various  elements.  Ho 
finds,  as  does  I.«ckyer  fSee  Ca  almve).  that  different 
Dnes  of  the  same  elements  yield  widely  different  val- 
uefl.  Thiis,  for  ralcium  his  heights  range  from  L'>,000 

'  Pub.  D.  &  Nkral  Obnvklary.  2  8eri«,  VdL  IV,  Ap.  L 
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down  to  100  miles,  and  for  titanium  from  3,500  to  10^^| 
miles.     In  general  his  results  show  high  levels  for 
hydrogen,  helium,  parheUum,  magnesium,  sodium, 
and  ytterbium ;  low  levels  for  chromium,  iron,  cobalt, 
nickel,  manganese,  jltrium,  cadmium,  zinc,  carbon 
(as  cyanogen),  and  vanadium;  contradictory  levels 
indicated  hy  different  lines  for  calcium,  strontium, 
barium,  scandium,  and  titanium.     Most  lines  corre- 
spond to  heights  of  le.ss  than  one  second  of  arc  (475 
miles,  760  kilometers).    Jewell  regards  the  ohromo-'|H 
sphere  as  an  atmosphere  of  hy<lrogen  and  a  few  oth«™ 
permanent  ga.sep,  rapidly  deorea-sing  in  density  out- 
ward, and  holding  a.s  temporary  constituents  other 
elements  a.s  products  nf  eruptions  from  within,  or 
meteors  from  without. 

Frost  and  Mitchell,  fnjm  obscn'ations  of  the  1900 1 
and  1901  eclipses,  respectively,  have  also  given  briel 
tables  of  the  heights  attained  by  different  elements  lal 
the  chromosphere,  as  indicated  by  individual  spec-  ^ 
tnim  lines.     Their  results  differ  very  little  from  those 
above  mentioned.    Mitchell  states  that  the  lengths 
of  a  great  majority  of  the  lines  indicate  heights  not  ■ 
exceeding  0.5"  of  arc,  and  would  set  1"  of  arc  as  t 
average  depth  of  the  "reversing  layer." 

Jewell  very  pertinently  calls  attention  to  the  i 
nute  quantities  of  substance  required  to  produce  spee-fl 
trum  lines.  As  some  lines  require  less  producing^ 
substance  than  others,  this  may  cause  part  of  the  dis-'f 
crepancy  between  the  heights  estimated  for  differratiil 
lines  of  the  same  element. 
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itchOr*  Obtmalums  of  1905. 

My  friend,  Prof.  S.  A.  Mitchpll,  lias  kindly  fur- 

ihed  mc,  iti  advance  of  lu»  publication,  with  the 

foUonring  deMrription  of  hi^  apparatus,  and  of  the 

wulta  he  obtained  as  a  member  of  the  U.  S,  Naval 

*er\'ator>'    expedition,    at    the    total    eclipse    of 

,  1905.     His  flash  speotrum  is  believed  to  be 

!  best  which  has  ever  been  secured. 

"Mitchell  used  two  spectrographs  of  high  diapcr- 

o,  both  with  gratings.     The  firttt  watt  a  six-inch 

I  plane  grating  of  l.'j,0(Xl  lines  to  the  inch, 

jto  the  NavalObservuU)rj'.  This  same  grat- 

1  been  used  by  Mm  in  Sumatra,  in  1901,  but 

I  1905  a  glaw  achmmallr  objective  of  five  inches 

rture  wan  umhI  ixwlead  of  a  quartz  lens.  With  this 

Ui8trument  special  attention  wa.<«  paid  to  the  red  end 

of  the  djjectnuu.     Tlitr  otiicr  instrument  wa*  a  four- 

Dch  gntling,  ruled  on  a  parnlxilir  surface,  instead  of 

B  ordinary  sphnrical  cfincave  surface.  This  grating 

f  14,43S  lines  per  inch  and  ten  feet  radius  of  cur\'a- 

B  wa-s  ver>'  bright  in  the  first  order  on  one  side,  and 

k  the  estimation  of  Mr.  .luwetl  it  wa^  one  of  the  best 

Rowland  gratings,  and  gave  !<poctra  equal   ill 

iitnem  to  that  obtained  l>y  the  ordinary'  six-inch 

This  grating  belonged  to  the  Kuniford  com- 

se,  and  wa»  kindly  loaned  by  PrufcisMr  F.  A. 

i  of  Syracuse  University. 

I  "Such  a  Hpectrograph  used  for  eclipse  work  is  of 

B  amplest  form  imaginable.    Light  from  the  coelo- 
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stat  mirror,  reflected  horizontally,  falls  on  the  grating, 
where  it  is  diffracted,  and  is  then  brought  to  focus  o 
the  photographic  plate,  five  feet  distant.  Grating  and 
plate  holder  are  placed  in  a  wooden  box,  and  if  tht 
grating  and  photographic  plate  are  perpendicular  t 
the  diffracted  beam,  the  spectrum  is  "normal.' 
the  spectrum  was  brought  to  a  focus  on  a  circle  of  I 
thirty  inches  radius,  it  was  impossible  to  bend  tbafl 
photographic  plate,  and  heavy  gelatine  films  wer^fl 
used.     The  spectra  were  focuased  by  using  a  col? 
limating  apparatus  consisting  of  a  slit  between  tw 
concave  mirrors  (which  were  previously  adjusted  by" 
the  use  of  a  five-inch  visual  telescope).    The  spectrs 
were  focuased  \T8ually,  and  test  photographs  wen 
made  in  order  to  check  the  ultra-violet  focus, 
excellence  of  the  focus  is  shown  by  the  flash  spectra^! 
which  were  photographed  in  the  first  order. 

"  The  paraboUc  grating  spectra  extend  from  X.  3,3) 
in  the  ultra-violet  to  the  D  lines  at  X  5,890  in  thi 
orange.  The  plane  grating  spectrogram  contiDuei 
in  the  red  to  the  C  Ihie.  The  length  of  the  speetrun 
taken  with  the  former  grating  is  9.5  inches.  The  spi 
trum  is  very  nearly  normal  throughout  its  whd 
extent;  the  dispersion,  therefore,  is  such  that  om 
millimeter  is  equal  to  10.8  Angstrom  units.  This  is  a 
dispersion  about  equal  to  that  obtained  by  the  three- 
prism  spectrographs  attached  to  the  great  Lick  or 
Yerkes  telescopes.  As  the  grating  at  the  eclipse  wai 
used  as  an  objective  grating  without  slit,  it  had  a 
persion  a  little  less  than  a  quarter  of  that  obtainet 
i;4 
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1  a  21.5  foot  grating  In  the  first  order  on  the  or^ 
.•  Rowland  mounlUiK, 
^■".\s  'v  seen  from  the  illustration  (Plate  XV,  Fig.  I, 
wben?  unfortuniiU'ly  a  great  amount  of  fine  detail  is 
hmt  in  reproduction)  the  definition  i.-*  excellent.  The 
eoilremr  ultra-violet  is  not  in  quite  so  good  a  focus  as 
the  region  from  K  to  D,  where  the  definition  is  per- 
fect. .\bout  4,0(K)  lines  were  meaHured  in  the  region 
frtim  X  3,300  to  X  5,900.  On  account  of  the  strong  con- 
tinuous spectjnim  throughout  the  photographed  spec- 
trum, it  wa»  a  little  diflicult  to  see  the  si>eetrum  Uncji, 
CMpociaUy  when  they  were  faint.  The  spectrum  linen 
being  curved,  it  wiis  necewary  to  measure  at  the  same 
part  of  each  line.  Moreover,  since  no  .'ilit  was  u.sed,  it 
was  iicce«j«ijj'  lo  measure  the  position  of  the  line  at 
the  moim's  edne.  Evidently  the  height  above  the 
^BmV  limb  r)f  the  metallic  vapor  funning  a  given  apec- 
^^MID  line  has  much  to  do  with  its  appearance  on  the 
^^bol4ip'aphic  plate,  and  the  middle  of  the  measured 
line  will  not  give  its  exact  wave  length. 

"  Preliminarj-  wave  lengths  of  the  flash  lines  were 
directly  obtnincd  from  the  measures.  These  were 
compnred  wilJi  Rowland's  tahlw.  Kach  line  from 
^^ttwland  which  was  identified  with  certainty  was 
^Bfcen  as  a  standard  to  ohtAin  adjusted  values  of  the 
^^prii  wave  lengths.  The  smaller  dinpt^on  in  the 
^^■ril  ■pcctrum  caused  tines  in  Rowland  to  be  blended 
^^■jpsUier;  and  in  such  blends  it  was  difTicult  to  know 
^^■bftt  exact  wave  length  to  iu<snme.  Coiuiequently,  if 
^^Hb  flash  lines  were  identified  with  single  linen  in 

^H_  lis 


ItMrtmut^^  r.dhli!9r.  «du!7^  -^t^m  mfcwi  j» 

f^sM*.  ^r^iar^  arf^iumuiui;  waft  maAt  m.  &  mnnnpr 
««KBt^<^  ^7  PhijSMMr  C.  Kaa^e^  Wmyr  WHbsizL 

r^Ai>fit  </  fiM  ftri^iMftoMoic.  idle  probftfaie  cnrar  c£  tk 

«rrii^  ^;e^  f4  %\wt  ^fffffr  win  be  appnedaued  wlm  one 
f^fmthtf^fm  that  a  ^men  of  ctufH  were  aMsagmed,  azui 
that  ari  ^rrr^jr  in  nr^isk^irement  of  a  thoosanchh  of  a 
r/iillir/i/^/iT,  ^^  on/r  rnicron,  corresponds  to  a  discrep- 

.Hfj/^h  /vyrijrat'T  wav^:  k'rigth>?  of  the  flash  spectra 
l^ri'J  th^T  ftfp^.^.i\fiytiy  of  a  cK^rir;  comparison  with  the 
\''nvin}ioU',r  -fi^Trf  rum.  Such  a  comparii5on  shows  with 
^n'af  /r^rfuinfy  that  f  h#!  flanh  KpfKrtrum  Is  but  a  rever- 
y.n\  of  th#r  I'>uijrihof#*r  liiifrs.  Ahnost  everv  line  in  the 
ttnUit$iry  wilur  H|K!C'trijrii  with  an  intensity  of  3  or 
\^jt*nU*r  on  HowlaiicrK  HcaUt  is  found  in  the  flash  spec- 
I  nun,  ill  many  raHi!M  two  or  more  lines  being  blended 
info  ntw  in  fh*^  photograph  of  smaller  dispersion. 
Though  all  Mm^  strong  Kraunhofer  lines  are  found  in 
fill'  (IiihIi  HpcTtriini,  Wut  converse  is  not  true;  for 
\\\vvr  iin«  niftny  slroiiK  lines  in  the  flash  spectrum 
U'hicli  liav««  no  r(|uival(tnt  in  the  ordinary  spectrum. 
In  Mildillon  to  this  fart,  there  is  the  further  difference 
I  lint  thi'ro  WW  nMuarkablo  inequalities  in  intensity 
biMwiM'n  tho  linrs  of  tho  two  spiM^tra. 
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"It  w»H  pnint«d  out  by  Evprshed  that  we  could 
flHoly  inuigtno  two  Ht'paruli'  j;uses  in  the  Hun's  enve- 
lope which  would  have  absorption  linei^  of  the  satnc 
inlea<ulips,  -Ijut  whose  enu»iinn  sficctra  would  differ 
Ter>"  much  in  iiitonaitiea.  A  heavy  gas,  l>'ing  in  a 
thin  layer  above  the  photosphere,  might  absorb  the 
aolar  liRhl  exactly  \a  the  saiuc  extent  as  a  lem  dense 
Iftyer  extending  to  greater  altitudes.  .-Vs  the  moon 
mooeflHively  paiwe*  over  layers  at  the  time  of  an 
«£pae,  the  lighter  gas  would  give  lineis  of  the  greater 
intetuities  in  the  flash  speetnim.  As  is  well  known, 
tbe  helium  lineH  appear  as  strong  linen  in  the  flash 
spectrum;  they  are  lacking  in  the  Fraunhofer  spec- 
trum.  Over  thirty  lines  of  the  hydrogen  series  have 
hivn  oouMtod  in  Mitolieir^  im'i  sixK-tm.  Iti  J'late 
XV,  Fig.  2.  a  portion  of  the  spectnim  is  shown  greatly 
cnlarited. 

"For  the  purpose  of  a  closer  comparison,  tlie  re- 
sults of  (he  inea^ureii  of  an  extent  of  the  s|MM'trum  ot 
02  Anp*tWmi  units  to  the  red  side  of  HS,  i.e.  from 
XX4,102--4,I64  arc  given  in  the  following  table. 

"  In  the  above  region,  where  ninety-two  linca  in  the 
flash  wejw  measured,  there  an-  eighty-two  lines  in 
Rowland's  tables  of  an  inten>ily  2  and  greater.  Of 
these  ei^ty-two  linex,  but  one  Is  with  certainty  lack- 
ing from  the  flaith  si>eotnini,  the  Fi>  line  (intensity  4) 
at  X4,tM.97(I.  Of  the  ninety-two  flanh  line».  all  have 
been  tdeotificd  with  the  exeeption  of  a  few  faint  lim>s. 
B  raniarkable  aecuraey  of  the  wave  lengdw  4if  this 
1  dpectnim,  which  far  surpasses  any  results  hith- 
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I  publUhed  niakei  the  identification  or  lines  a 

ictical  certainty.     Hence,  it  nnist  fie  roticlmled 

t  the  flash  wpectnun  ijt  a  revciKil  of  the  Frauii- 

,  but  with  marked  difTercnces  in  the 

I  in  the  two  sjx'ctra. 

!i  of  the  10f)5  «[ieclm  cunfinii  Mitchell's 
1001  ranilts  that  hydrogen  (H),  helium  (He),  Mcan- 
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tliura  (Sc),  titanium  (Ti),  strontium  (Sr),  vanadii 
(V),  Zr,  Y,  Cr,  Mn,  Nd  and  Ce  appear  with  a  greater 
intensity  in  the  flash  than  in  the  photospheric  spec- 
trum, relative  to  the  other  elements.  These  eclipse 
results  also  confirm  the  prominence  of  enhanced 
lines.  ■' 
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Campbell's  Observations. 

Professor  Campbell  has  invented,  and  used  success- 
fully at  several  recent  eclipses,  a  spectroscope  with  a 
moving  plate.  He  begins  exposiu-es  slightly  before 
totality  conies,  and  as  the  plate  keeps  falling,  the 
spectra  are  produced  in  a  continuous  series  at  deter- 
minable times;  and  thus  are  adapted  to  give  the 
-  whole  history  of  the  spectrum,  as  it  changes  from  the 
photospheric  spectrum  (reflected  by  the  air)  to  the 
chromospheric,  or  flash  spectrum.  It  is  well  known 
that  Professor  Campbell  and  other  members  of  the 
Lick  expeditions  have  secured  spectra  of  very  high 
excellence  with  this  and  other  apparatus  in  recent 
eclipses,  of  which  the  discussion  is  not  yet  com- 
pleted. Professor  Campbell's  full  publication, 
that  of  Mitchell,  are  awaited  with  keen  interest. 
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Chromospheric  Spectra  In  Full  Daylight. 

Recently  Adams,  at  the  Mount  Wilson  Solar  Ob" 
servatory,  has  obtained  many  photographs  of  i 
chromospheric    spectrum    in    full    sunlight, 
method  surpa-sses  in  accuracy  of  wave-length  r 
urements,  and  may  eventually  rival  in  detail  the  h 


!  "Bash  spectra."  Adams'  observations  wero 
nuulo  with  the  60-fo(il-focu»  tower  t<^le«rope,  and  the 
30-foot-focus  planogratinR  .'*pectroscopc.  Success  de- 
pemlnl  on  Neeurinf;  exi'dlt-nt  dotinition  of  the  hiid'h 
inuMcr,  90  that  the  HpectroHCope  slit  might  be  held 
caukctly  to  the  edge  of  the  Umb,  without  the  light  of 
the  photosphere  "boiling  over,"  so  as  to  blot  out  the 
brij^t-Unn  spectrum.  The  chromosphere  i»  a  atratum 
no  thin  that  it  w  covered  by  the  march  of  the  moon  at 
an  eclipse  in  a  very  few  secondn.  A<!oordingly,  there 
ic  not  MiFRcient  time  during  total  eclipses  for  the  ex- 
piMun*  of  a  Hlit  Npectrograph  of  high  diH)>erHion,  and 
for  thiN  reason  iilitless  si>ectrographM  uf  moderate  dis- 
pendon  liave  usually  lieeii  employed.  Conse<|uently, 
H  id  n*»t  pnicticable  to  get  from  (■(■li[We  "  fljiKh  Mpeetra" 
such  hi^i  precision  of  wave  lengths  as  w  necessary  to 
dedde  the  Kubller  [>oint.s  regarding  tlie  condition  and 
nature  of  the  chromosphere.  Hence,  the  great  advan- 
tapi  of  supplementing  eclipse  work  by  observations  at 
great  dispersion  iu  full  sunlight,  especially  for  the  red 
end  of  the  spectrum,  where  photography  requires  long 
otpoeurpo.  Mr.  Hale  propoiteH  to  continue  the  work 
fae^n  by  Adams  with  the  OO-foot  tower  (olescope, 
ind  is  iiuiking  provision  for  an  enlarged  solar  image. 
He  fopecttf  greatly  enriched  results  when  the  150-foot 
t^nrer  telescope  is  available. 

In  the  work  thu-i  far  publinhed  by  Hale  and  .Vdanis 
(be  number  of  imght  lines  shown  is  far  less  than 
Mitchell  obtaine<l  at  the  ecUpse  of  1905.  Certain  dif- 
(eivncos  seem  to  indicate  that  the  level  of  the  si»ctra 
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photographed  in  full  daylight  is  a  little  above  the 
level  best  observed  at  eclipses.  The  wave  length  of 
the  liright  lines  found  seem  t«  be  practically  identical 
with  the  wave  lengths  of  corresponding  dark  lines  in 
the  photosphere.  This  circumstance,  as  Hale  and 
Adams  remark,  does  not  lend  support  to  Julius's  con- 
tention, which  will  be  noted  in  a  later  chapter,  that 
the  bright  lines  of  the  "flash  spectrum"  are  due  to 
anomalous  refraction  of  light  just  outside  the  sun's 
limb.  For,  if  this  were  the  case,  there  would  probably 
be  a  shifting  towards  the  red  of  their  apparent  wave 
lengths  from  tliose  of  the  dark  lines  of  the  photo- 
sphere. But  Julius  thinks  the  margins  of  discrepancy 
between  the  poHitiona  of  the  bright  and  dark  lines,  aa 
given  by  Hale  and  Adams,  still  leave  ground  for  his 
theory  of  anomalous  dispersion.  In  order  to  permit 
of  this  interpretation,  however,  .Julius  imagines  "the 
solar  atmosphere  to  be  honeycombed  with  irregular 
density  gradients,  which  may  be  steeper  than  the 
underlying  general  radial  gradient."  Thus  he  finds 
the  possibility  that  displacements  of  the  chromo- 
spherie  luies  may  be,  now  to  the  red,  now  to  the  vio- 
let, of  the  Fraunhofer  lines.  Most  observers  still 
retain  the  view  that  the  chromospheric  spectnmi  is 
essentially  the  reverse  of  the  Fraunhofer  spectrum 
and  appears  at  the  edge  of  the  sun  bright  instead  of 
dark  because  there  is  no  such  enormously  brilliant^ 
spectrum  background  to  dim,  by  comparison,  the  W 
trinsic  brightness  of  the  lines  themselves. 
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Ikity.— Drift.— Dint riliui ion  of  Sun-vpoU. — Fop- 
aMUoc  wui  Uf^'  Hiiitory.— Suimiml  U-vr-!.— L»ng|py'«  l^ul 
tliin-aipnt  — Karulfl-. — nnuiulalinin.  —  Kun-apot  Sjipotr*. — Cool- 
DoB  of  SuD-spotii.^tltm-apou  uid  Mogtintiun  — Rjulial  Motion 
in  Spot  Praumbraa. 

Al/niovoti  ocRasioDally  seen,  and  recorded  much 
witbuut  rtfognition  of  thotr  mi&r  uriKin,  the 
ry  of  suii-apota  as  .-^olar  phenomena  date«  from 
10,  when  thny  were  independently  diwdvpred  by 
iriciiut,  Scheiner,  and  Cialileo.  The  diseovt'O"  fol- 
tifttumlly  from  the  invention  of  the  telesrope 
Holhuid,  in  IflOS.  Tlien?  was  al  first  Nome  doubt 
(nut  fltiared  by  Fabriciu!^  or  Galileo)  whether  the  mti- 
8pDt8  were  not  planets.  Indeefl,  sun-spots  were  for  a 
time  called  in  Franee  the  "Bourlwnian  Stars." 

Viewed  in  a  telescope,  or  projected  on  a  mcrocn,  the 
suDHipots  are  plainly  seen,  and  appear  to  consist  of 
two  wcll-markt^  parts;  the  umbra,  apparently  very 
dark,  and  the  penumbra,  a  lialf-tone  border  around 
the  lunbra.  Sun-spot«  differ  greatly  in  Hise,  nhape, 
Ukd  darkoesa.  Some  large  ones  ore  i^j  of  the  sun's 
diameter,  or  five  times  the  diameter  of  the  earth,  and 
groupe  occasionally  spread  over  an  area  of 
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more  thaa  i*,)  tlie  sun's  diameter.    These  greut  s] 
and  spotted  areas  are  rare. 
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Sun-spot  Periodicity 
Schwabe  of  Desau  about  1843  discovered,  as 
result  of  systematic  observing  for  nearly  twenty 
years,  that  there  is  a  periodieity  in  the  occurrence  of 
sun-spots.  They  are  most  frequent  at  intervals  of 
about  eleven  years,  and  are  nearly  absent  for  a  year 
or  two  in  the  interim.  This  sun-spot  periodicity  was 
exhaustively  studied  hy  Wolf  of  Zurich,  who  repre- 
sented the  spottednesa  hy  a  system  now  called 
"Wolf's  sun-spot  relative  numbers. "  These  are  com- 
puted by  the  formula,  r  =  kilOg  +f),  in  which  r  is 
Wolf's  number,  g  the  number  of  groups  and  single 
spots  observed,  /  the  total  number  of  spots  which  can 
be  counted  in  these  groups  and  single  spots  combined, 
and  k  a  multiplier  whieh  depends  on  the  conditions 
of  observation  and  the  telescope  employed.  Wolf  took 
k  as  unity  for  himself  when  observing  with  a  tl 
inch  telescope  and  a  power  of  64.  A  less  favored 
less  assiduous  observer  would  receive  k  greater 
than  unity,  and  one  with  a  larger  telescope  and  good 
opportunities  for  observing  would  receive  a  fractional 
value  of  k.  Wolf's  numbers  seem  arbitrary,  but  aFO>| 
found  by  photographic  comparisons  to  be  closely  pro-" 
portional  to  the  spotted  areas  on  the  sun.  One  hun- 
dred as  a  sun-spot  number  corresponds  to  about  z^tb 
of  the  sun's  visible  disk  covered  by  spots,  including 
both  umbras  and  penumbras. 
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Wulf,  hy  coitfulliiiK  nil  nvmlahlc  s<)ur(!«Ti,  <?iirricil 
hit  !4uu-iipol  tiuinhers  back  to  Hill).  HLs  8ucc«98or, 
Wotfpr,  has  kept  iip  iho  scxics  from  W'tlf's  death,  iu 
9C{,  tip  lo  the  prrrsent  liinc.  In  Fig.  .53  luid  Kig.  54 
ecurvBH  nhow  the  nin  of  HpottedneNs  during  all  this 
It  will  be  Mi'ti  that  thu  inaxiiim  and  miii- 
t  not  uniformly  Kpat-ed ;  but  m  that,  while  a 
ml  interval  of  11,13  yeant  is  dfiducwl  by 
'  Newconib,  the  individiud  (Kriods  range 
ft-pen  7,3  and  17.1  years  as  pxtremes.  Thr«p  fea- 
B  shown  in  the  tabli*  ou  paicc  ISO. 
nb  fimU  the  average  time  of  increasing 
4.02  yeaix,  of  dtH-n>a?^iif;  ftpottednow, 
&A1  yeam.  Maving  stndied  the  UtUil  interval  fmm 
ItilU  Ut  ISltS  in  thrif  part-s  he  i-nndmli-s  ihal :  "Un- 
riying  the  |>eriodie  variations  of  sfxit  activity 
unifomi  cycle,  unchanging  fn)m  time 
)  time,  ami  dotemiiniiig  the  gciicRil  mean  of  (he 
tivity." 

■The  reader  will  note  in  the  ?tun-siK>t  curves  that 

1^  18  not  only  a  great  dissimilarity  in  the  length.^  of 

)  individual  periods,  but  aian  of  their  activities  as 

d  by  the  maximum  number  of  «ii>ot»  obsen"«l. 

Lockyer  p<tintp<i  ont  a  relation  between  these 

lomcna  w'hich  hax  l>een  mentioned  also  liy  Halm 

I  tborouglily  confinned  by  Wolfer.     ("all  llie  time 
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^B         interval  from  a  miuimum  to  the  following  maximum  J^^| 

^H         and  that  from  the  maximum  to  the  following  mii^^H 

^H         mum  b.  The  variations  of  a  and  of  the  ratio  ~  proce^^H 

^H         in  a  sense  contrary  to  the  intensity  of  the  outbreak^^^^ 

H         spottedness  in  each  period.     In  other  words,  the  more 

^B         intense  the  outbreak  of  spots  in  any  sun-spot  period 

^H          the  shorter  the  time  required  for  its  developmenl^^B 
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both  actually  and  as  compared  with  the  Um^ 
quired  for  its  decay. 

It  is  interesting  to  observe,  also,  that  the  interval 
from  minimum  to  maximum  is  always  much  less  thfU 
that  from  maximum  to  minimum.  Attention  will  bs| 
dra%Ti  in  Chapter  X  to  the  similarity  between  thi 
characteristic  and  a  certain  type  of  stellar  variatioi 
exemplified  in  the  star  Mira. 

The  causes  wluch  produce  sun-spots  being  as  ya*^ 
doubtful,  or  perhaps  it  is  better  to  say  entirely  ua-*9 
known,  the  causes  of  their  periodicity  and  of  the  ir-  ■ 
regularity  of  the  periods  are,  of  course,  also  unknown. 
Attempts  have  been  made  to  connect  the  period  with 
the  times  of  revolution  of  the  planets,  and,  indeed, 
the  mean  length  of  the  sun-spot  jwriod  is  not  far  from 
the  period  of  the  revolution  of  Jupiter  (11.86  years). 
No  satisfactory  (.-Bse  for  a  connection  i)etween  tha 
phenomena  is  yet  made  out.     Schustci'  has  recent! 
applied  a  method  of  mathematical  analysis  fitted  1 
bring  out  secondary  periods  which  may  underlie  t 
average  sun-spot  periodicity  of  1 1 . 1 3  years.    He  findl 
three  well-marked  periods  of  11,125  years,  8.32  yei 
and  4.77  years.     As  curiouf?  mathematical  coind 
deuces  he  notes  that  the  sum  of  the  reciprocals  of  t! 
first  two  periods  equals  the  reciprocal  of  the  third 
and    all    three  are   nearly  even    fractions  of 
years.     He  finds    the  relative   intensities  of  i 
tedness  for  Win  three    periods  variable,  hence   tbl 
iriR(iuaiity  of  the  successive  total  periods  product 
I  by  their  combination.     He   iudijiea   to   attribul 
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lots   to   cMutes   outnde  the  mui,  pcrhapH  to 
teteor  Kwanns. 

Several  kinds  of  phenomena,  some  solar,  others  ter- 
,  are  evidently  closely  associated  with  sun- 
B  and  tthare  in  their  periodicity.  Fintly,  the  facu- 
'  bright  flecks  on  the  solar  surface,  which  are 
H  !ven  niOKt  plentifully  in  Kun-»pnt  neighbor- 
,  uAturally  have  tlte  same  seasons  of  maxima 
Secondly,  the  prominences,  as  stated 
■ceding  eluiplcr,  are  most  nuniuroaH  at  sun- 
IrAlMdnia,  and  decrease  in  number,  though  not 
with  so  marked  a  change,  as  the  iiuml>er  of  sim-spots 
decreases.  Thirdly,  the  fomi  of  the  .solar  corona  evi- 
dently goes  through  a  periodic  change  simultaneous 
with  the  sun-HiKit  rycltr.  Thus  we  Npeak  of  a  Milar 
eorona  having  prolr>iiged  ef|uatorial  stre&inent  of  an 
■DW-head  shape  a«  "a  sun-sixit  minimum  (H>rona," 
1  one  nearly  (^^(utdly  developed  in  all  directions  as 
t  maximum  corona."  Fourthly,  the  ter- 
s  (northern  and  southern  lii^tts)  follow 
K>t  periodicity,  as  shown  by  Loomiii  and 
«y  othew.  Fifthly,  changes  in  the  earth's  magnetic 
i  occur  in  complete  synchronism  with  the  changm 
t  numbers.  Tliia  connection  lm  very  close, 
lAKreemcnt  descends  even  tu  iiunute  parattel- 
irtiown  by  the  magnetic  curvw  plotted  in  Fig. 
]  Pig.  M.  (In-itt  sun-«)iot(i  often  sivm  tn  bo  the 
promoters  of  great  magnetic  disi urbaiicus 
tetic  storms)  and  aunmd  displays.  Maunder 
I  found  that  the  magnetic  disturbances  iiocm  to 
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arise  from  restricted  solar  areas,  not  necessi 
iQcluding  sun-spots,  and  to  go  out  iu  definii 
directions,  or  rather  shafts  of  several  degr* 
diameter,  which  rotate  with  the  sun,'  When  such 
a.  shaft  strikes  the  earth  a  magnetic  storm  arises. 
Such  lines  of  influence  are  not,  he  thinks,  neces- 
sarily radial,  but  may  follow  coronal  stream  lines. 
Sixthly,  the  earth's  surface  air  temperature  is  on  the 
whole  lower  at  sun-spot  mo-ximum  than  at  sun-spot 
minimum.  This  relation  is  indicated  at  least  for 
the  United  States  in  Fig.  54.  The  difference  of  mean 
temperature  for  the  earth  generally,  ranging  from 
to  1°.0  Centigrade  for  a  change  of  100-sun-spot  ni 
hers,  is  shown  by  temperature  statistics  studied  by 
Koppen,  Nordmann,  Newcomb,  Ablrot,  Fowle,  Aic- 
towski,  and  Bigelow.  This  will  be  further  discussed  in 
Chapter  VII.  Many  other  terrestrial  changes,  in 
rainfall,  cloudiueas,  number  of  cyclones,  panics,  prices 
of  foods,  famines,  growth  of  trees,  even  Sights  of  in- 
sects, have  been  seriously  compared  with  the  sun- 
spot  changes.  In  some  of  these  phenomena  there 
appear  to  be  rather  well-substantiated  indications  of 
a  periodicity  coincident  with  that  of  sun-spots,  while 
such  relations  in  many  cases  are  probably  purely  fan- 
ciful. 

So-called  "great  periods"  of  33,  35,  55,  and  several 
hundred  years  have  been  proposed  by  various  au- 
thors in  order  to  explain  the  variations  of  the  lengths 

'  Shearman  oE  Toronto   diecoverFd  also  a,  periodicity  of  aurGnl.a 
displayH  approsimating  the  rotation  period  of  the  bud, 
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and  intensities  of  the  eleven  year  periods,  and  the 
changes  of  rainfall,  times  of  harvest,  and  other 
changes  of  terrestrial  phenomena  said  to  be  indicated 
by  history  or  tradition.  The  tendency  to  groups  of 
three  in  respect  to  the  intensity  of  the  successive  suu- 
apot  outbreaks  has  been  mentioned  by  various  writ- 
ers, and  may  be  noted  in  the  table.  This  helps  to  sus- 
tain belief  in  a  thirty-three  year  period,  but  it  will  be 
noted  that  the  Jov.^  maxima  1830  to  1870  were  un- 
commonly intense  (perhaps  excepting  the  intermedi- 
ate one  of  1860).  The  question  of  the  reality  of  "great 
periods"  seem  to  require  further  lapse  of  years  to  de- 
cide it. 

Sun-spot  Drift 
If  we  imagine  an  observer  on  the  moon  to  watch  the 
clouds  on  the  earth's  surface,  they  would  appear  to 
him  on  the  whole  to  imlicate  a  mean  rotation  period 
of  about  twenty-four  hours  for  the  earth.  But  he 
would  also  discover  that  many,  and  jierhaps  nearly 
all,  of  the  cloudy  areas  had  proper  motions  of  their 
own  besides,  so  that  no  single  cloud  would  give  cor- 
rectly the  rotation  period  of  the  earth.  So  it  is  with 
the  sun-spots,  for.  after  allowing  for  the  sun's  average 
rotation  period,  nearly  every  spot  has  a  motion  of  its 
own.  Carrington  found  a  slight  tendency  of  spots  be- 
tween 20°  North  and  20°  South  latitudes  to  approach 
tlie  equator,  and  outside  tiiese  latitudes  a  more  de- 
cided tendency  to  approach  the  poles.  Faye  held 
that  spots  persiiitently  describe  little  ellipses  on  the 
sun's  surface  of  one  or  two  days'  period.     It  is  said 
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t  un  ucUvely  nh&nRiiiK  i«p<>t  i»  upt  to  muvc  furward 
by  irrcf^ilar  jerks.   When  a  spot  divides,  the  parts  are 
il  iH  iieparatc  rapidly, 

DisTHiBcnoN  OF  StTN-sitrre 
obt  very  seldom  occur  at  higlicr  latitudes 
.  Witliin  the  Run-npnt  Iwlt  80°  wide,  as  thus 
t  the  distribution  of  si>ot«  in  irrcKuIar.  Tboy 
!ur  mainly  in  two  zones  on  either  side  of  the  equa- 
,  between  latitudes  10°  and  30°.  .Vs  n'Rards  the 
rtliem  and  southern  henii«pheres  the  number  oc- 
rumnic  ia  a  very  long  [leriiHl  of  yearn  is  practically 
equal,  but  there  is  often  a  greut  uiwjutUity  for  se^-cral 
years  in  succession.  \  remarkable  instance  of  this 
ijTOKularity  (Krciirrwi  iwtwwn  i(i72  and  1704,  when 
t  spoil*  were  recorded  in  the  northern  henii.sphepe, 
I  the  appearand  iif  a  few  there  in  1705  wa^  tH>ted 
'  the  French  .\cmlemy  ax  a  very  exiriionliiiary 
int.  Newromb  ilraws  attention  in  the  four  eycles 
i  to  a  marked  and  K^Jwing  preponderanoo 
iBpotH  in  the  southern  hemUpherc.  A  pf^ruHarity 
f  BUij-wpot  distribution  likely  to  prove  of  Rreal  thoo- 
1  significance  was  discovered  by  Spoerer,  and  is 
bntinQed  by  tirwMiwieh  obscrvatituis.  There  soems 
to  be  a  close  connection  between  the  latitudes  of 
great  prevalence  and  the  poritKlicity  of  sun-spots. 
ung  stat«4  the  matt<^r  an  follows: 
"Hpeaking  bniailly,  the  ilisturbance  which  pro- 
B  the  (Spots  of  a  (pveu  «uii-s|xit  |»eri(Kl  first  maiii- 
Bitaolf  in  two  belts  about  30°  north  and  south  of 
I'M 
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the  sun's  equator.  These  belts  then  draw  in  towai 
the  equator,  and  the  sun-spot  maximum  occurs  when 
their  latitude  is  about  16°;  while  the  disturbance 
gradually  and  finally  dies  out  at  a  latitude  of  H°  or  10°, 
some  twelve  or  fourteen  years  after  its  first  outbreak. 
Two  or  three  years  before  this  disappearance,  how- 
ever, two  new  zones  of  disturbance  show  themselves. 
Thus,  at  the  sim-spot  minimimi  there  are  four  well- 
marked  spot-belts ;  two  near  the  e<iuator,  due  to  the 
expiring  disturbance,  and  two  in  liigh  latitudes,  due 
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to  the  newly  beginning  outbreak ;  and  it  appears  thi 
the  true  sun-spot  cycle  is  from  twelve  to  fourteen 
years  long,  each  beginning  in  high  latitudes  before 
the  preceding  one  liai*  expired  near  the  equator. 

"  Fig.  55  illustrate^s  this,  embodying  Spoerer's  results 
from  1855  to  ISSO.  The  dotted  ciures  show  Wolf's 
sim-spot  curve  for  that  period,  the  vertical  column  at 
the  right  of  the  figure,  marked  W  at  the  top.  giving 
Wolf's  '  rdatit>e  numbers. '  The  two  continuous  curves, 
on  the  other  hand,  give  the  solar  latitudes  of  the  two 
series  of  spots  that  invaded  the  sun's  surface  in  those 
years.  The  scale  of  latibtdes  is  on  the  left  hand. 
194 
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firrt  ftoripa  bogan  in  lH5*i  ami  wuitHl  in  IStiS;  tlio  scc- 
unil  brxike  out  iii  lH6(t  aiid  lasted  until  1S8U.  Duriii^ 
these  yeani  it  hapiwned  that  therp  was  verj'  Utile  dif- 
fcnmce  Ixftwccn  the  uorthcru  aud  ttouthern  licnii- 
sphcrcfl  of  the  sun. " 

Id  a  nummary  of  the  reeiultit  uf  solar  observations 
made  at  Grvcnwich  from  1S74  to  1902  the  Astrono- 
mer Royal.  Christie,  givew  data  showing  the  prevail- 
ing laiitudiM  at  which  they  mirurred  in  different  parts 
of  the  Mim-8pot  cycles.  The  maximum  latitude  at 
which  iipota  occurred  was  42°,  but  they  could  only  be 
r^jarded  as  sporadic  phenomena  above  latitude  .13°. 
Preceding  a  time  of  Hun-K{>ot  minimum,  the  prevailing 
gipottednew  occurrwl  at  low  latitude,  and  when  the 
HpolH  reappeared  after  minimum  it  wa«  generally  at 
hi|^  Uititudeft.  Tlie  equatxirial  belt  from  5°  to  -5° 
wnn  never  a  center  of  spott«lnejw.  Ttietw  facts  are 
indiraled  by  the  following  table,  abridgc<l  from  the 
data  ^ven  by  the  .Utrononier  Koyal. 
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The  protuberances,  on  the  contrary,  as  shown  by 
Rieoo  and  the  Lockyent,  and  confirmed  by  Ma.icari, 
have  their  soaee  of  maximum  frequency  transferred 
from  low  toward  higher  latitudes  ati  the  sun-«pot 
cTeles  iHogrestt. 
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Sun-spot  Fuhmation  and  Life-history        ^^ 
As  regarcie  the  furniation  and  life  history  of  suii- 
spots,  Young  has  described  the  phenomeDa  in  these,,  , 
words:  mM 

"There  is  no  regular  process  for  the  formation  of  wi^ 
spot.  Sometimes  it  is  gradual,  requiring  days  or  even 
weeks  for  its  full  tievelopment,  and  sometimes  a  single 
day  suffices.  Generally,  for  some  time  before  the  ap- 
pearance of  the  spot,  there  is  an  evident  disturbance 
of  the  solar  surface,  manifested  es[)ecially  by  the  pres- 
ence of  numerous  and  brilliant  faculie.'  among  which, 
"pores"  or  minute  black  dots  are  scattered.  These 
enlarge,  and  between  them  appear  grayish  patelies, 
apparently  causeii  by  a  dark  mass  lying  veiled  below 
a  thin  layer  of  luminous  filaments.  The  veil  grows 
gradually  thinner,  and  vanishes,  giving  us  at  last  the 
completed  spot  with  its  perfect  penumbra.  The 
"pores,"  some  of  them,  coalesce  with  the  principal 
spot,  some  disappear,  and  others  constitute  the  at- 
tendant train.  When  the  spot  is  once  completely 
formed,  it  assumes  usually  an  approximately  circular 
form,  and  remains  without  strildng  change  until  its 
dissolution.  .\s  its  end  approaches,  the  surrounding 
photosphere  seems  to  crowd  in  upon  and  cover  and 
overwhelm  the  penumbra.  Bridges  of  H^t,  often 
many  times  brighter  than  the  average  of  the  solar 
surface,  push  across  the  umbra,  the  arrangement  of 
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prauinbra  ftlamentR  iKTompx  mnfiised,  and,  as 
hi  expraweti  H,  the  luititiious  inatt(?r  of  the  photo- 
te  j<eem»  to  titnihle  pell-mdl  into  the  chiLsoi, 
which  (Usappearv  and  leaver  a  di»turb<><l  mirface 
marked  with  facula;,  which  in  their  turn  subside  after 
a  time.  i\»  inlinmt<Kl  Iwfure,  however,  the  disturl)- 
ance  u  not  unfreiiuently  renewed  at  the  same  point 
after  a  few  (lays,  and  a  fresh  spot  appears  just  where 

Ruld  one  wa»  overwiiehued. 
The  spots  usually  appear  not  singly,  but  in  groups 
t  t«wt,  Uolatcd  «pol«  <»f  any  wse  are  le**  common 
than  groups.  Very  oft<>n  a  large  spot  Is  followed  upon 
the  ea»it«m  wide  by  a  train  of  smaller  one«;  many  of 
which,  in  sueh  u  rage,  are  apt  u»  l»c  ver>'  iniiierfert  in 
struclun\  sometimes  shi>wing  no  umbni  al  all,  often 
hav'mg  a  penumbra  only  upon  one  »>ide,  and  uHUally 
irregular  in  form.  It  is  notieeable,  also,  that  in  »uch 
raHes,  when  any  coiwiderable  ehaiifie  of  form  or  strue- 
tura  shows  itself  in  the  principal  spot  of  a  group,  it 
seemii  to  rush  forward  (westward)  upon  the  solar 
surface,  leaving  its  attendants  trailing  l>olund.  VVlien 
a  large  spot  divides  into  two  or  more.  a<  often  hai>- 
penK,  the  parts  usually  seem  to  repel  each  other  and 
Sy  asunder  with  grcM  velocity — great,  that  i.s,  if 
reokonod  in  miles  per  hour,  though,  of  eourw,  to  a 
teleaoopic  observer  the  motion  i»  very  «1()W,  since  one 
can  only  barely  see  upon  the  sun's  surfnee  a  change  of 
ptaoe  amounting  to  two  hundred  mileH,  even  with  a 
very  high  magnifying  power.  Velocities  of  three  ur 
four  hundred  miW  an  hour  are  usual,  and  velocities 
197 
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of  one  thousand  miles,  and  even  more,  are  by  no 
means  exceptional. 

"The  average  life  of  a  sun-spot  may  be  taken  as 
two  or  three  months;  the  longest  yet  on  record  is 
that  of  a  spot  observed  in  1840  and  1841,  which  lasted 
eighteen  months.  There  are  cases,  however,  where  the 
disappearance  of  a  spot  is  very  soon  followed  by  the 
appearance  of  another  at  the  same  point,  and  some- 
times this  alternate  disappearance  and  reappearance 
is  several  times  repeated.  While  .some  spots  are  thus 
long-lived,  others,  however,  endure  only  for  a  day  or 
two,  and  sometimes  only  for  a  few  hours, " 

Carrington,  Secchi,  Perry,  Maunder,  and  Sid- 
greaves  have  all  noted  the  tendency  of  spots  to  recur 
in  the  same  positions,  but  not  in  a  sense  indicative  of 
permanent  special  eruptive  places,  a.s  in  the  case  of 
terrestrial  volcanoes.  Father  Sidgi'eavessays:  "They 
are  indications  of  a  more  enduring  state  of  disturb- 
ance than  is  measured  by  the  lifetime  of  a  single  spot, 
for  it  is  not  improbable  that  a  recurrence  springs  from 
the  same  -source  as  its  predecessor.  And,  if  this  be 
true,  the  spots  must  be  more  subject  to  drift  than 
their  underlying  origins,  for  nearly  always  the  recur- 
ring spot  i.s  found  to  the  rear  of  the  former  position. " 

According  to  the  spectroheliographic  in^'estiga- 
tions  of  Fox:'  "Spot  birth  is  always  accompanied  by, 
and  generally  antedated  by,  an  eruption  "  (i,  e.,  erup- 
tive prominence).  "In  the  early  hours  of  the  life  of  a 
spot  the  eruption  may  partially  or  entirely  cover  the 
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»t,  aiid  oft^nniay  precede  it.  in  the  direction  of 
iai  rotation.  An  eruption  is  ?*pldnm  seen  pree<*ding 
mature  wiigle  sixit,  but  if  present  will  be  following  it 
,  the  edge  of  tlie  penumbra,  perhaps  encroaching 
somewhst.  If  the  npot  iit  actively  Krowiu;;,  eruptiooti 
are  almoet  certain  tu  be  found  on  the  following  edge. 
Eniptioui*  flceompany  spots  in  rapid  decline,  being 
often  seen  at  the  entbt  of  the  IiridKet!.  I  think  the 
evidence  of  the  Ilumford  spectroheliograms  fairly 
jOnctuKive  in  showing  that  the  spot  lias  its  geaesiii  in 
e  eruption.  The  phenomenon  of  spot  development 
iQowing  the  appearance  of  an  eruption  Is  so  general 
kat  it  bi  [Missible,  on  the  appearance  of  an  isolated 

uptiou,  to  pnxiicl  with  certainly  the  advent  of  a 

When  the  spot  i^  well  dcvelopcl  it  stimulatfis 

V  eruptions. "  The  "eniptioiw"  mentioned  by  Fox 

h  a(  ooun«c,  itccn  with  the  spectroheliograph  auy- 

1  the  Hun's  disk,  hut  when  close  to  the  limb 

B  recognized  by  him  to  Iw  really  "the  bases  of 

tlie  eruptive  prominences. " 

Thk  St's-SH<)T  Levki. 

The  level  of  .sun-«pots  is  a  question  which  has  been 

discussed  for  over  a  century,  and  often  with  contiider- 

.pbie  vehemence.     In  1769,  Dr.  \.  Wilson  of  GUs- 

advocated  the  view  that  aun-wpotn  are  deprcs- 

of  the  sun's  surface.     He  observed  that  when  a 

ijpBfr  tofe  agpean  on  the  eastern  edge  of  the  sun  the 

bmll  market]  on  the  side  nearest  the  edge 

,  but  nearly  in%'i.'»ible  on  the  side  next  the 
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sun's  center,  while  the  umbra  scarcely  shows  at  all,! 
being  aa  if  hidden  behind  a  bank.     ,Vs  the  spot  ad- 
vances towards  the  center,  according  to  A,  Wilson, 
the  advancing  and  following  aides  of  the  penumbra 
become  more  equal,  and  the  umbra  covers  an  increaa-^ 
ing  fraction  of  the  total  width  of  the  spot.     Havii 
passed  the  center,  the  spot  naturally  exhibits  the  o] 
posite  succession  of  phenomena.  This  progress  in  a] 
pearance  would  be  conclusive  evidence  that  spots  art] 
depressions  if  it  were  universally  admitted  to  be  re^l 
Many  spots  are  so  unsymmetrical,  even  at  the  cent 
of  the  sun,  as  to  be  unfavorable  objects  on  which 
test  A.  Wilson's  view.  Many  spots  alter  their  shape  li 
crossing  the  sun's  disk  quite  apart  from  any  chai 
due  to  the  sun's  spherical  form.     In  the  last  twenty 
years  several  very  assiduous  observers  have  published 
conclusions  based  on  very  numerous  observations, 
and,  even  when  discussing  the  spots  occurring  in  tl 
same  course  of  years,  about  as  many  disagree  with 
Wilson's  view  as  support  him.     It  seems  most  prob- 
able, therefore,  that  the  level  of  the  sun-spot  phe- 
nomena seen  by  ordinary  observation  differs 
little,  if  at  all,  from  that  of  the  surrounding  brig 
surface  of  the  sun. 


Langley's  Typical  Sun-3pot 

Owing  to  the  effect  of  the  sun's  rays  in  heating  t 

surface  of  the  earth,  and  thereby  causing  the  ascent  <l 

warm  currents  of  air  which  spoil  the  "seeing," 

observer  is  at  a  disadvantage  in  studying  the  minut* 
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situres  of  the  sun  as  compared  with  the  moon  or 
fother  nixht  ohjtfcts,  Tlio  "scoiiig"  on  the  sun  is  gen- 
Feriilly  bctl«r  in  the  hount  soon  after  .sunrise  and  before 
■■unset,  when  the  heating  of  the  sun's  rays  is  dimin- 
Clshe<i  I>oth  by  passing  tlirough  a  tliick  stratum  of  air 
latul  by  striking  the  earth's  surface  obliquely.  Some- 
|timeB  the  pretence  of  thick  haze  ur  light  uniform 
t  eluuditiese  appears  to  favor  good  definition,  but  often 
thcfie  conditions  are  coniiecteil  with  atmospheric  dui- 
turfaonces  so  nearly  in  line  with  the  sun  as  to  spoil  the 
f  "seeing."  Good  solar  "seeing"  is  seldom  found  when 
Ift  clear  blue  sky,  a  brisk  brut-ze,  and  high  altitude  of 
"iho  sun  occur  BiinuItaneoa.s!y.  With  the  hindrance 
thuin  occasioned  by  the  irregularities  of  tlensity  in  the 
earth'it  atmoKphen*  to  eoiitorid  with,  solar  ol)»erveni, 
ran  a  rule,  fiiu!  only  comparatively  rare  instants*  when 
Fieally  salLsfartnry  views  of  the  sun's  surface  may  be 
fobtiuucil.  By  combining  with  extraordinary  skill 
■iho  impressions  reeeive<l  in  the  instants  of  bee<t 
"  which  were  the  reward  of  wveral  years  of 
observing,  the  late  Dr.  S.  P.  Langley 
d,  in  1S73,  his  famous  sketch  of  the  "  typical 
a  copy  of  which  is  reproduced  a»  the 
^frontispiece.  This  is  generally  conceded  to  represent 
[  bettox  than  any  photograplis,  and  even  l)ott*'r  than 
I  anyone  is  likely  to  see  for  him.self  in  the  telescoiH>, 
rtbe  appearaucv  of  u  sun-fpot  and  itM  siuroundin^  oh 
1  under  the  best  purely  telescopic  obscr\'utiou. 


Facul.e 

Next  to  sun-spots,  the  most  prominent  solar  fea^  J 
tures,  and  closely  associated  with  the  life  history  of  j 
spota,  are  the  faculffi,  or  bright  patches  which  are  I 
most  abundantly  seen  near  the  borders  of  the  sun'sl 
disk.  Their  appearance  has  been  likened  by  Young  I 
to  the  flecks  of  foam  which  dot  the  water  beneath  a  I 
waterfall.  They  are  very  prevalent  in  the  neigh-  I 
borhood  of  sun-spots,  but,  unlike  them,  they  are  ] 
found  all  over  the  surface  of  the  sun,  though  spar- 
ingly near  the  poles.  It  is  difficult  to  see  them  near  I 
the  center  of  the  sun's  disk.  As  stated  in  Chapter  1 
III,  the  brilliancy  of  the  solar  surface  is  not  uniform 
all  over  the  disk,  but  falls  off  very  greatly  near  the 
eilges.  Speaking  roughly,  the  facula>,  on  the  other  t 
hand,  may  be  regarded  as  equally  bright  wherever  J 
seen  on  the  sun's  disk,  and  henre  come  out  morej 
distinctly  near  the  edges,  where  the  background  isl 
less  brilliant.  The  prevalence  of  faculte  has  maxima  | 
and  minima  synchronous  with  the  sun-spot  period. 


GH-\.NULATrON 

Besides  the  sun-spots  and  the  faculfe,  there  is  seen  J 
under  good  observing  conditions  a  general  granut, 
lated  appearance  all  over  the  sun's  surface.  ManyTJ 
years  ago  much  controversy  was  waged  over  the 
exact  forms  of  the  granules,  some  observers  compar- 
ing them  to  rice  grains,  others  to  willow  le-aves,  and 
others  to  bits  of  straw.     These  patches  of  differing  ■ 
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briUtaore  arc  really  immemte  areas  of  10,000  to  50,000  < 
square  miles,  and  are  prolxibly  not  of  a  regular  pat- 
tPTti  at  all,  Ko  that  little  insight  into  t^olar  uouditionn 
h*  had  by  the  di.scu88ion  of  their  mere  forms.  In 
LanfJeyV  tnin-Hpot  drawing  they  are  de|)icted  in  great 
numbent,  and  with  varioutt  Khape.s,  ciuite  as  they  are 
)  occur.  Plate  XVI  is  a  reproduction  of  two  of 
i'b  cclebrat<;d  pholograplis  of  them. 


The  «pwlrmn  of  a  Kun-sixif  differs  from  that  of  the 

'  photosphere  in  several  signifieant  ways.  (1)  j\s  meas- 

I  ure<l  by  the  lK>lometcr  or  other  photometrie  molhodw, 

ilneiierg}'  ix  fur  weaker  in  the  violet.  Thix  inHlK>wn  in 

the  acmntpnnying  comparisonH  Ix'tween  the  inl^nw- 

tipMof  the  rtjuftra  of  sun-sjwtj*  and  of  I  he  i)holonphero 

I  near  the  center  of  the  sun'.s  disk.    The  data  for  the 

'  ultra-violet  «iie4'tnim  an*  from  the  work  of  Schwarf  z- 

I  cliild  and  Villigcr,  and  the  remainder  from  the  work 

I  of  the  Smithsonian  olwervers. 
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As  difTerent  spots  differ  in  <larkr)ew  of  their  ccnt«r§, 
'  too  much  reliance  tihould  not  he  placed  an  (he  traniti- 
I  tion  of  relative  brightness  fnmi  X  =  0.320>i  to  X  - 
I  0.448fi,  an  given  uliove.  Tlu>  n'mainder  of  the  datn, 
I  however,  all  applies  to  the  same«|K)l  o[)«er\'«I  by  Ihn 
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same  observers,  and  should,  therefore,  be  comparable. 
There  are  three  ways  of  explaining  the  progreagive 
relative  weakness  of  the  shorter  wave-length  rays  in 
sun-spots.  The  sun-spot  temperatures  may  be  much 
below  those  of  the  photosphere,  there  may  be  a 
greater  amount  of  absorption  or  scattering  of  the 
light  above  the  spots,  or,  finally,  the  phenomenon 
may  be  due  to  the  action  of  both  these  causes.  It  has 
lately  been  made  practically  certain  that  the  firsts 
mentioned  cause,  at  leawt.  is  operative.  This  is 
proved  by  the  work  on  sun-spot  spectra  noted  below. 
Several  observers  have  found  that  the  contrast  of 
brightness  between  the  sun-spots  and  the  photo- 
sphere decreases  towards  the  sun's  limb.  Langley, 
and  also  PVost,  found  indications  that  at  the  very 
limb  the  total  radiation  of  thewun-spot  umbra  is  ac- 
tually stronger  than  that  of  the  jihotcsphere.  W.  E. 
Wilson  observe<l  that  the  ratio  of  the  brightness  of 
the  spot  umbra  to  that  of  the  photosphere  at  the  sun's 
center  did  not  change  from  the  center  to  ninety-five 
per  cent  out  on  the  solai'  radius,  whereas  the  ratio  of 
brightness  of  the  umbra  to  the  surroundings  increased 
from  Trt'ir  to  rVs-  He  could  not  confirm  Frost's  and 
Langley's  result.  Schwartzchild  and  Villiger,  observ- 
ing at  wave-length  0.32/*  in  tlie  ultra-violet,  found  the 
ratio  of  brightness  of  sun-^pots  to  the  surrounding' 
photosphere  at  the  center  ten  to  fourteen  per  cent, 
but  close  to  the  limb  it  was  thirty  to  fifty  per  cent. 
It  has  already  been  stated  that  the  photosphere  at 
the  limb  of  the  sun  is  less  bright  than  it  is  at  the  cen- 
20i 
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and  the  exact  amount  of  rliaogc  hoH  l>eGii  given 
for  various  wave  lengths  in  Chapter  III.  Accordintfly 
it  ifl  ca^  to  nee  that  if,  as  ob»erve(l  \iy  W.  K.  Wilw)n, 
the  Hun-spot  timbra  remains  nearly  unchanged  in  il» 
intrinsic  brightnetw  wherever  seen  upon  the  sun,  the 
rpHullK  just  menlioue*!  would  tend  to  follow.  It 
seems  hard  to  Ijelieve,  however,  that  the  radiation  of 
the  spot-umbni  at  the  limb  could  actually  exceed  that 
of  the  HuiTounding  photosphere,  iv<  observed  by  Frost 
and  LAngley,  and  furtlier  experiments  along  thi^i  line 
Hhoulii  l)c  made. 

(2)  In  nun-spot  spectra  many  Kraunhofcr  lines  arc 
strei^^hened  and  ninny  weakened  as  eonipared  with 
the  Hame  lines  in  the  photospherie  spectrum.'  From 
.Vdams'  summary  of  the  subjeet'  1  laki;  th(?  following 
flAtA.  t'alrium  ha**  sixty  lines  in  Rowland's  table  be- 
tween X  =  0.40^  and  X  =  0.70^,  and  with  one  posKi- 
blc  exception  nil  are  strcngtheneil  in  sun-spots.  The 
!<lren(cthening  increases  atwolutely,  and  also  rela- 
tively lo  the  intensities  of  the  hnca  affected,  with  in- 
crea-sing  wave  length.  With  injn  there  are  1,108  UneH 
in  the  same  interval  of  Rowland's  table,  of  whicli  784 
an  afferted  in  npots.     Of  the^-,  5.'>S  are  due  to  iron 

>  A  ■|ic<rtnini  Klw»n>tion  linr  in  Miii)  U>  he  HtiMtlUMMrf  wtMl,  bf 
MMnn  of  iui  tMi-udiiiiK  lirciodrr  dilhuut  Ixvaiidllff  km  dwfc,  or  by 
r»Miiii  of  ibi  SrroniinK  ilnrlu'r,  nr  from  b«th  etumcw,  H  pvaanto  m 
pMUt  oonlraft  U>  the  niljuiniiiK  B|ii^lruin.  Wmkntlns  a  nwrtnan 
be  impltow  an  uptxiaiu-  i-hongp.  In  rilluT  unv  Uir  Imn  w  Mnliw, 
and  nwy  mUl;  niroii  ihr  nlUTalion  of  ibr  adjoitiini  ■nxH'tniiii,  wiib- 
{B  in  Hm  liDc  itarlf,  in  suifh  a  DmnttM  Uwt  the  ronirut  of  tim 

vt  the  Mount  WUaoB  Sohr  OtMorsUnT,  No.  M. 
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alone,  the  others  being  blends  of  iron  lines  with  very* 
close  lines  of  other  elements.  Of  the  55S  purely  iron 
lines  affected,  300  are  strengthened  and  258  weakened 
in  sun-spots.  Hydrogen  has  four  lines  in  the  region 
under  discus.sion,  and  all  are  weakened.  The  case  is  so 
striking  that  it  is  worth  giving  in  full:  __ 

Table  XII. — Hj/drogen  speclnim  in  sun-apoU  ^H 


Wavr  Length 

iBtMMty            T 

8uD-q»l 

4101. 84S 
4340-471 
4861.350 

6562.835 

40N 

20N 
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40 

*       J 

hS:::::::: ::.::.:.. 

10  ..I 

i;  :    .:::::::. 

25      4 

1 

The  following  table  from  Adams'  publication  shows 
the  behavior  of  the  spot  lines  of  thirteen  different  ele- 
ments: J 

Table  XUL—Speclmm  liiim  afftrtol  ii.  sun-xpoli'  H 
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Coolness  of  Sun-spots 

If  the  Uyer  which  produccH  th«  Fraunhofpr  lines 
over  ibe  spots  wore  of  the  same  temperature  that  it  in 
over  the  photosphere,  the  hnes  iii  t^pots  would  t-eiid  to 
appear  weakened;  beeaune,  while  the  emiHsitm  in 
the  tines  would  in  that  case  reinotti  really  unchanged, 
the  npeetrum  background  againf*t  which  they  are  seen 
would  be  weakened,  and  approach  the  brightneHS  of 
the  lines,  as  has  been  seen  under  Caption  I .  Since  the 
nyluction  of  the  background  in  sun-spot  spectra  is 
greatest  for»hort  wave  lengtlut,  the  violet  linen  would 
be  most  weakened  in  the  ea^  we  ore  coiLsideriiig. 
I  in,  indeed,  the  ease  for  hydrogen,  and  may  be 
I  in  that  ea»c  perhaps  as  a  cnnsequener  of 
J  level,  hut  in  fact  the  majority  of  »uu-»iMit8  lines 

e  strengthened,  and  this  in  itself  may  be  regarded 
t  evidence  that  the  "reveming  layer"  for  ninsl  clc- 

inta  b*  cooler  over  npot.i  than  over  the  photosphere. 
Besides  this  general  consideration,  there  arc  several 
olhcrK,  now  to  lx^  mentioned,  which  point  to  the  same 
ooactuston. 

tines  which  are  relatively  stronger  in  the  electric 
spark  than  in  the  arc,  when  prodticed  as  bright  lines 
in  the  laboratory,  are  called  "enlmnw^d  lincM. "  Of 
144  enhanced  linen  observed  in  spots,  says  Adams, 
*■  130  are  distinctly  weakened,  none  arestrenRthened, 
white  sixteen  show  no  marked  ehangc. "  This  alnuMtt 
uoiveniai  weakening  of  enhanced  tines  in  sun-spols 
hdiown  as  follows,  to  be  evidenee  of  a  low  tempera- 
«07 
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ture  in  the  sun-spot  reversing  layer.    By  Kirchhoff'i| 
law  (see  Chapter  II)  emission  and  absorption  are  pre 
portional.    Hence,  if  it  requires  the  conditions  of  th 
spark  to  produce  certain  emission  lines  strongly, 
will  also  require  the  conditions  of  the  spark  to  caui 
the  operative  gases  to  absorb  strongly  in  these  Uneafl 
But  spark  versiis  arc  conditions  are  to  be  regarded  as 
of  high  versus  lower  temperatures,  a  view  fully  con- 
firmed by  the  experiments  of  Hale,  Adams,  and  Gale 
with  strong  and  weak  arcs,  and  those  of  King  wit! 
the  electric  furnace  at  high  and  low  temperatu 
Accordingly,  the  weakening  of  the  enhanced  lines  i 
the  sun-spot  spectrum,  in  opposition  to  the  prevailir 
strengthening  of  lines  in  spots,  is  explained  by  assum-" 
ing  that  the  spot  vapors  are  too  cool  to  produce  strong 
absorption  of  enhanced  lines. 

A  third  line  of  evidence  showing  that  the  reversing 
layer  is  cooler  over  sun-spots  is  furnished  by  a  de- 
tailed comparison  of  the  spectra  of  sun-spots  and 
photosphere  on  the  one  hand,  and  of  low  and  high 
temperattu-e^  in  the  arc  or  electric  furnace  on  the 
other.  This  comparison  was  begun  by  Hale,  Adams, 
and  Gale,  and  continued  by  King.  .Vdams  gives  in  a 
long  table  the  results  of  such  a  comparison  for  the 
Unes  of  iron.  From  this  table  several  of  the  most 
well-marked  cases,  typical  of  strengthening,  weaken- 
ing, and  neutrality,  are  given  in  the  following  table. 

In  general,  wittiin  the  error  of  measurement,  linoM 
strengthened  in  the  cool  arc  are  strengthened  in  sun^ 
spots,  those  weakened  in  the  cool  arc  are  weakened  hfl 


I 


THE  SUN 

ceptible  evidpnce  of  their  presence  in  the  photo- 
spheric  spectrum.  It  is  well  known  that  high  tem- 
peratures tend  to  produce  complete  dissociation  o{ 
molecular  compounds.  The  copious  appearance  of 
the  lines  of  compounds  in  the  spectra  of  sun-spots 
would  l)e  very  stroug  evidence  of  the  i-elatively  low 
temperature  in  the  reversing  layer  above  spots,  even 
if  unsupported  by  the  other  evidences  given  above, 
and  by  many  other  minor  phenomena  of  which  space 
forbids  the  mention. 

According  to  Father  Cortie,'  steam  also  occurs  iQ 
sun-spots,  for  he  finds  water-vapor  lines  among  those 
widened  in  sun-sjjot  spectra.  He  cites  experiments, 
too,  which  indicate  that  the  spectrum  of  magne»um 
hydride  could  not  show  in  smi-spots  if  water  vapor 
was  not  also  present.  Evershed,  however,  concludes 
from  observations  at  tlie  high  and  dry  station  of 
Kodaikanal  that:  "On  the  whole,  it  must  l>e  ad- 
mitted that  the  evidence  for  the  strengthening  of 
telhuic  lines,  of  whatever  origin,  in  spot  spectra  is 
practically  negligible. " 

An  excellent  photographic  map  of  tlie  .sun-spot 
spectrum,  contrasted  with  that  of  the  photosphere, 
has  been  prepared  at  the  Mount  Wilson  Solar  Ob- 
servatory and  distributed  to  solar  observers.  Plate 
XVII,  reproduced  here  by  the  permission  of  the 
Director,  shows  a  section  of  this  map  including  the 
b  group.  Althougli  no  engraving  can  do  full 
justice  to  the  original,  the  reader  will  be  able  to 
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for  himself  some  of  the  features  inontidued 
above. 

StTN-spOTs  AND  Magnetism 
In  the  year  lltOS,  Hale  discovered  the  existence  of  a 
mafciielic  fit-Id  in  sjKitH,  which  Ixjlrays  its  presence  by 
Uu:  witleiiiiig,  douhliiig,  or  tripling  of  a  gri-at  number 
id  spectra]  tines.  Ak  stated  in  Chnptf-r  II,  Zecnmu 
lliscovered,  about  1806,  that  mcMl  lines  of  the  spec- 
tnun  are  .•separated  int-o  two  component-s  when  viewed 
■loos  the  lines  of  force  of  a  powerful  magnet,  and  the 
two  ecMnponeiitx  are  cin^ularly  polarized  in  opposite 
ilirectioa'4.  With  less  powerful  field.-*,  Iho  linm  are 
n*it  clearly  dmibled,  only  widened,  but  their  ri^ht- 
and  left-hand  iHlpfv  exhibit  in  thin  vane  traces  of  op- 
piMite  ctnnilar  polarization.  Hale  applied  (hix  tt-Kt 
<if  pohmaation  to  the  most  widened  lines  of  sun-spols 
by  introducing  a  FresncI  rhomb  to  convert  the  sup- 
pcwecl  cireuhir  to  plane  polarization,  and  found  the 
rifiht-haud  or  left-liand  edp-  of  the  lines  enuld  be  cut 
off  at  will,  according  to  the  position  of  the  Nicol 
pri^m  u.<*eil  for  analyzing  the  charat^ter  of  polarization 
id  the  light.  Some  lines  are  triple  In  »i>uts,  but  these 
■eeming  tliscrrpancies  proved  to  he  the  l>est  of  evi- 
ffencc  of  the  effect  of  a  magnetic  licld.  For  when  the 
same  Une«  were  examined  in  the  laboratory  they 
proved  exceptional,  and  to  l»ecomc  triple  instead  of 
douMe  when  viewed  idong  the  magnetic  tines  of  force. 
H&le'n  brilliant  diiicovery  ha-*  cleared  up  one  of  the 
iiMwt  puxtUng  quciitionK  relating  to  ttic  iiun-«pot 
rpeeiram. 
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By  polarization  stutiies,  Hale  found  that  suu-spot 
iields  are  not  always  of  the  same  polarity.  Very 
often  a  pair  of  sun-spots  quite  near  together  are  found 
to  be  of  opposite  polarity.  In  general,  the  polarity 
of  spots  in  the  sun's  southern  hemisphere  is  opposite 
to  that  in  the  northern,  but  there  are  very  numerous 
exceptions  to  this  rule,  as,  of  course,  in  the  case  of 
double  spots,  as  just  mentioned.  Spots  near  the  sun's 
limb,  since  they  present  their  magnetic  lines  of  force 
nearly  at  right  angles  to  our  Une  of  sight,  tend  to  show 
triple  lines  where  doublets  would  be  seen  near  the 
center  of  the  disk. 

The  cause  of  the  magnetic  field  in  sun-spots  is  a 
most  interesting  problem.  Rowland  showed  many 
years  ago  that  static  electric  charges,  in  rotation, 
produce  electro-magnetic  effects  similar  to  those  pro- 
duced by  electric  currents  in  coils  of  wire.  This  seems 
to  point  the  way  to  a  solution,  for,  as  stated  in  the 
account  of  the  spectroheliographic  results  in  Chapter 
III,  the  sun  when  viewed  through  the  hydrogen  line 
Ho  (C)  shows  curved  formations  (see  Plate  XI), 
which  seem  to  indicate  spiral  motion  in  sun-spot 
neighborhoods.  In  such  Ka  photographs  of  double 
spots,  which  give  opposing  magnetic  polarity,  the 
curves  which  surround  the  spots  seem  to  present  the 
appearance  not  unlike  those  seen  among  iron  filings 
on  a  sheet  of  paper  acted  upon  by  a  pair  of  opposite 
magnetic  poles.  It  seems,  then,  not  improbable 
that  whirUng  motions  or  vortices  exist  in  sim-spots, 
and  that  these  cany  along  electrically  chained  par- 
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I  produce  tlic  observed  magnetic  fields. 

rion  wa**  at  first  that  these  cburxt^  were 

1  ioiw,  or  ImkIww  HtnuUor  than  atoms,  re- 

tly  made  known  by  J.  J.  Tboiii!<(Mi  utid  others;  but 

diffirully  was  found  in  accounting  for  their 

1  in  flun-spots  in  sufficient  numbers.     It  was 

I  to  Mr.  Hale  by  the  writer  tliat  the  mobs 

f  the  compounds  shown  in  the  sun-spot  spec- 

n,  or  perhaps  even  the  relatively  eoolwl  elenien- 

y  gases  in  spots,  might  very  probably  Iw  regarded 

fficiently  different  from  the  surnmmlings  to  pni- 

!  frictional  electricity,  when   whirled   about   in 

t  »pi»l8,  jutl  a?t  8tnam  becomes  ele<'trified  in  Arm- 

uuu'hine  when,  carrying  water-dmplcts,  it 

fmm   an   orifice.    Kurther  discussion  of  the 

r  will  be  found  in  Chapter  VI. 

Radial  Motion  in  Spoi-  Pknumbkaa 
Ivorsbed  has  lately  observed  shifting  of  spectral 
1  in  the  penumbras  of  s]M)t.s  situated  at  consider- 
b  distance  from  the  center  of  the  sun 'a  limb.  This 
>  indicate  motion  nearly  radial  to  the  center 
I  gpota,  an  if  material  wa»  coming  to  the  sun's 
i  in  the  sun-spot  centers,  and  then  spreading 
all  directions,  like  smoke  fn»m  a  volcano. 
uelnB,  no  speetrose^pic  evidence  of  motion  in 
tpoHB  nulial  to  the  center  of  the  sun  has  ever  been  ol>- 
Uined.*    Adams  had  lately  Kouglit  to  fnid  evidenceti 

'A*  lUa  b  twiiiit  ))ubtlslu>ij  St,  JdIui  lun  olwrvcd  IiikIi  li'vi-t  fa^^ 
Movlis  downwxnl*  in  ipou. 
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of  increased  or  decreased  pressure  in  the  reversing 
layer  over  sua-^pote,  from  shifting  of  lines  known  to 
be  subject  to  large  shifts  when  their  sources  are  under 
pressure,  but  he  was  unable  to  discover  evidences  of 
altered  pressure.  The  significance  of  these  facts  will 
be  discussed  in  Chapter  VI. 


CHAPTER  VI. 

WHAT   ID  TKR   8KK? 

Young's    Vlcw«.— Hnlm'a    Vinm— ScluniJfa    tlypcithnu,— Juliiu' 
Vint*.— Th*-  Aulhor'»  Vipw». 

BeLiEviNa  that  the  vicWB  of  the  I&tc  Profeeeor 
Young  probably  are  still  shared  by  a  majority  of  as- 

iDomcfM,  even  after  the  lapse  of  fifteen  years  since 
appeararice  of  the  hwt  revision  of  his  work,  "The 
we  siiall  l>t>(dn  this  cliaptt^r  by  (luotiiig  a  part  of 
the  llllllinar>-  whieh  he  gives  iii  his  Chapter  IX.  We 
riMBlhen  take  up  the  snhir  theories  of  Halm,  Schmidt, 
and  Julius.  In  the  remaiiidtT  of  ttic  chapter  we  8hall 
eoDsder  still  another  view  of  the  matter,  which  the 
present  writer  incUncs  to  adopt. 

>p«\i.*^  4  Yovno'b  Views 

Quotiog  from  Young's  "The  Sun:" 

"Fig.  .W  bt  iiitemiod  to  present  to  Ihe  eye,  more 

clearly  than  any  mere  description,  the  constitution  of 
^■Ae  suit,  and  the  relation  of  the  different  concentric 
^^buiUs  or  envelopes  as  conceivo<l  by  the  writer. 
^^■^Tbe  picture  is  ao  ideal  Flection  through  the  center. 
^^^bUadc  disk  reprewnts  the  inner  nucleus,  which  is 
^BSp*Boearib!e  to  observation,  its  nature  and  constitu- 

tioo  being  a  mere  matter  of  inference.    Tbe  white 
IS  816 
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ring  surrounding  it  is  the  photosphere,  or  shell  of  ii 
candescent  cloud  which  forms  the  visible  surface*^ 
The  depth,  or  thickness,  of  this  shell  is  quite 

known;  it  may 
|je  many  times 
thickerthan  rep- 
resented 
possibly  somi 
what  thinner. 
Nor  is  it  certain 
whether  it  is 
separated  from 
the  inner  core 
l>y  a  definite  sur- 
face, or  whether, 
(■n  the  other 
liand,thereisno 
liistinct  bound- 
ary  between 
I  hem. 

"  The  outo: 
.sui-face  of  the 
photosphere, 
however,  is  cer- 
tainly  pretty, 
sharply  defined,  though  very  irregular,  rising  at  poinf 
into  faculiP,  and  depressed  at  others  in  spots, 
shown  in  the  figure. 

"Immediately  aV)ove  this  lies  the  so-called  'revi 

ing  stratum, '  in  which  the  Fraunhofer  lines  original 
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WHAT  IS  THE  HITN? 

is  to  be  Dotcd,  however,  that  the  ti»»e»  which  eoflP 

t\m  stratum  do  not  tiiorely  merdV  the  photo- 

irr,  hilt  Ihcy  also  lill  the  iiitcrsjiacM  betwwri  the 

lutoopherif    clouds,    forniuig    the    atmosphere    in 

ich  they  float,  anrl  an  attempt  has  been  made  to 

indicate  tim  fact  iu  the  diugrutiL 

"Above  the  'reversing  stratum'  lies  the  »carlet 
chronicMiphere,  unth  im)minpnces  of  various  forms  and 
dimensions  rij«ing  high  atxtve  the  Mtlar  surface;  and 
aver,  and  embracing  all,  is  the  coronal  atmosphere 
and  the  myateriouH  radiance  of  clouds,  riftx,  and 
fading  gradually  into  the  out«r  darkness. 
Al  the  crnler  of  the  sun  the  earth  is  represented  in 
true  n-lative  dimenmons  -rirt  of  the  three  inches 
ich  b*  taken  ha  the  scale  of  the  sun';*  diameter.  This 
reduces  our  glolje  to  a  little  dot  only  3*5  of  an 
;h  acroft}.  Around  it,  at  its  pn>i>er  distance,  is 
the  orbit  of  the  moon,  *till  far  within  the  pho- 
lofiphere,  the  moon  herself  being  fairly  represented 
by  any  one  of  the  minute  points  which  make  up 
the  dottoil  line  that  indicates  her  path. 

"The  central  nucleus  is  made  black  in  the  picture, 
simply  for  con%'eiucnce,  and  not  with  any  purpow  to 
indicate  that  the  matter  which  composes  it  Is  cooler  or 
leas  brilUantly  luminouM  than  the  photosphere. 
is  quite  probable,  indeed,  that  this  central  core 
{which  cuDtains  certainly  more  than  oinc-tenthB  of 
tbe  whole  mam  of  (he  sun)  is  purely  gaacouH,  and  it  is 
of  CDume  true  that,  at  a  j/iveti  temperature  and  prtmure, 
mam  has  a  lower  radiating  power,  and  u 
2i: 
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less  luminous,  than  a  mass  of  clouds,  such  as  thoi 
which  coiislitute  Ihe  photosphere.  But,  on  the  other 
hand,  both  compressictn  and  increase  of  temperature 
rapidly  raise  the  radiating  jxjwer  of  a  gas;  and  it  is 
highly  probable  that,  at  no  very  considerable  depths 
the  growing  pressiu-e  and  heat  may  more  than  equ^-^ 
ize  matters,  and  render  the  central  nucleus  as 
tensely  bright  as  the  surface  of  the  sun  itself. 

"  At  the  upper  surfare  of  the  photosphere,  however, 
and  all  through  it,  indeed,  the  uncondensed  gases  are 
dark  as  compared  with  the  droplets  and  crystals' 
which  make  up  the  photospheric  clouds.  Here  the 
pressure  and  temperature  are  lowered,  so  that  the 
vapors  give  out  no  longer  a  continuous  but  a  bright- 
line  spectrum,  whenever  we  get  a  chance  to  see  them, 
against  a  non-luminous  background;  and,  when  thft-' 
intenser  light  from  the  liquid  and  solid  particles  of  the 
photosphere  shines  through  these  vapors,  they  rob  it 
or  the  corre-sponding  rays,  and  produce  for  us  the 
familiar  dark-lined  spectrum  of  ordinary  sunlight. 

"Although  it  may  not  be  possible,  in  the  present 
state  of  science,  to  demonstrate  that  the  principal  poi 
tion  of  the  solar  mass  is  gaseous,  this  much  can  at  lei 
lie  said — -that  a  globe  of  incandescent  gas,  under  com 
tions  such  as  have  been  intimated,  would  necessarily 
present  just  such  phenomena  as  the  sun  exhibits. 

' '  On  tlie  outer  surface,  exposed  to  the  cold  of  space^ 
the  rapid  radiation  would  certainly  produce  the  coB- 
den-sation  and  precipitation  into  luminous  clouds 
such  vapors  as  had  a  boiling-point  higher  than  that 
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r<K»liiiK  surfaco.  Tlii'j*e  cloudd  would  float  in 
losphcre  saturated  with  the  vapors  from  which 
ley  were  formi-d,  aiid  also  contajniiig  such  other  va- 
ax  were  not  coiideosed,  nnd  tliuH  the  iwciiUarities 
the  Rolar  spectrum  would  nwult.  On  the  other 
the  pennanent  Ra^rs,  like  hydrogen— those  not 
to  eondciisation  into  the  liqui'l  form  under 
conditions  -would  rise  to  higlieJ*  elevations 
than  the  others,  and  form  above  the  photosphere  just 
such  ft  chromosphere  as  we  observe.  Whether,  from 
mere  assumption  of  sueh  a  constitution  for  the 
one  could  work  out,  a  /triori,  the  phenomena  of 
i-fpots  and  pmrninenrcs,  is  indewi  doubtful;  but 
thus  far  nothing  in  any  of  them  has  IxHin  observed 
which  appears  1o  Ih>  inconsistent  with  this  view  of  the 
ibjcct— nothing,  we  say,  unless  it  shouUI  turn  out.  a« 
once  maintained,  that  the  solar  Kurfaei*  poHxcfttHw, 
(oKpeatc,  'geographical'  characteristics,  evinced  by 
ition  to  break  out  into  stni-sput«(  at  certain 
us  if  at  those  |>oints  there  were  volea- 
aomething  of  the  sort.  Of  course,  the  fact  that 
the  spots  are  distrihutMl  mainly  Sn  two  beltM  parallel 
to  the  solar  e<|uator,  involves  no  difficulty,  for  it  b 
eaay  to  conceive  how,  in  more  than  one  way,  the  wun's 
rotation  might  lca<l  to  such  a  result :  but  [xx-idiaritiea 
pcmmncntly  attiiching  to  individual  point.s  on  the 
Robr  surface  necessarily  imply  rigid  connections,  jwich 
as  are  mcoasiHtent  with  thp  theor)'  of  a  gaseous  or 
even  of  a  fluid  nucleus.  But  while-,  a»  has  been 
already  pointed  out,  there  i»  a  marked  tendency  in 
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spots  to  recur  at  or  near  the  same  points  during  sev- 
eral solar  revolutioai,  there  is  no  evidence  which 
tablishes  the  existence  of  fixed  spot-centers;  and  th( 
idea  is  to  be  regarded  merely  as  a  relic  of  the  old 
Ilerschellian  theory  of  a  solid  sun.  Still  it  is  difficult 
to  test  the  notion  conchisively  even  by  means  of  such 
extended  obsen-atioiis  as  those  of  Carrington  or-, 
Siwerer,  or  the  auroral  periods  of  Veeder,  since  the 
time  of  rotation  of  the  solid  nucleus,  if  it  exists  at  all,' 
is  unknown,  and  this  makes  the  discussion  dif&cull 
and  unsatisfactory, 

"With  reference  to  the  constitution  of  the  photo- 
Bphere  there  is  a  general  agreement  among  astrono- 
mers.   A  few,  perhaps,  still  hold,  as  has  been  men- 
tioned, to  the  idea  that  the  visible  surface  is  a  liquid' 
sheet,  while  some  believe  that  it  is  purely  gaseous;^ 
but  tlie  whole  apiiearance  of  things,  the  details  of  the 
granulation,  the  phenomena  of  spots  and  faculje,  the 
mobility  and  variability  of  the  floccules,  all  better 
accord  with  the  theory  adopted  in  these  pages,  whic 
is  a  necessarj-  consequence  of  the  hypothesis  that  tl 
sun  is  principally  gaseous.     It  seems  almost  impoB-i 
sible  to  doubt  that  the  photosphere  is  a  shell  of  clou< 
As  to  the  precise  constitution  of  tins  shell,  however, 
the  form  and  magnitude  of  the  component  cloudlets,^ 
the  chemical  elements  involved,  and  the  temperati 
and  pressure,  there  is  room  for  a  good  deal  of  unci 
tainty  and  difference  of  opinion.     The  more  commt 
view,    apparently^the    one,    certainly,    which    thi 
writer  has  hitherto  held — is,  that  the  clouds 
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Bwinly  by  the  condensatioD  of  the  substances 
moet  conspicuous  in  the  solar  spectrum, 
and  the  other  metals.     As  to  thf  fonn  of 
doudfi,  also,  it  hni>  usually  been  assumed  that, 
coDMCquence  of  the  ascending  currents*  by  wliich 
are  formed,  they  are  columnar,  their  height 
being  much  greater  than  their  other  dimen»ions. 

"  Professor  Hastings  has  proposed  a  somewhat  dif- 
ferent theory,  which  avoidi^  some  of  the  difficulties  of 
the  received  doctrine,  though  not  without  encounter- 
ing others  which  seem  just  as  fonnidal)!p. 

"One  main  peculiarity  Is  the  assumption  thjit  the 

pbotoepheric  'clouds'  are  formeii  by  the  precipitation 

either  carbon,  silicon,  or  boron  (the  three  members 

the  carbon  group),  to  the  cx'ituMion  of  other  sul>- 

ices  which  are  less  refrart^>ry  (have  Imuer  boiltng- 

^nia),  and  therefore  ewmi>e  precipitation. 

"  His  idea  that  the  stratum  whirh  produces  the  gesi- 
eral  abttorptiou  at  the  limb  of  the  sun  is  a  veil  of 
'BtDoke'^i.  e.,  of  the  same  minute  particles  which 
constitute  the  photosphere,  but  crM>le(I  to  relative 
dvkness — has  been  already  alluded  to  in  a  preceding 
chapter.  So  far  «»  we  know,  it  is  novel  and  valuable, 
clearing  up  b  good  many  crabamutttitig  dinicultics.  It 
in  Bo  obvious,  on  reflection,  that  something  of  the  sort 
must  acconipaoy  the  photosphere,  ttiat  it  is  surprUing 
tlial  the  idea  hail  not  been  thought  of  before.  Of 
courwe,  the  particle*  fomiiHl  by  condensation  must, 
many  of  them  at  least,  be  carried  by  the  ascending 
currents  hi|^  above  the  point  of  their  formation,  and 
£21 
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cooled  so  much  as  to  become  relatively  dark  m  com- 
parison vith  the  more  vivid  incandescence  of  the  re- 
gions below,  just  as  the  aacendii^  particles  of  carbon, 
unconsumed  and  cooled,  constitute  the  smoke  of  a  fire. 

"The  idea  that  carlwn  may  be  the  main  constitu- 
ent of  the  photosphere  is  by  no  mesins  new :  it  was  first 
seriously  advanced,  we  believe,  by  Joha^tone  Stoney, 
of  Dublin,  as  early  as  1S67,  mainly  on  physico-chem- 
ical grounds,  and  is  enthasiastically  advocated  by  Sir 
Robert  Ball  in  his  recent '  Story  of  the  Sun, ' 

"  As  regards  the  '  re^'ersing  stratum '  very  little  need 
be  added.  Mr.  Lockyer  indeed  denies  its  ejdstence— 
that  is,  in  the  sense  that  there  is  a  thin  stratum,  close 
above  the  surface  of  the  photosphere,  in  which  most 
of  the  (lark  lines  of  the  solar  spectrum  originate.  He 
maintains,  on  the  contrary,  in  accordance  with  his 
'dissociation  theory,'  that  certain  of  the  lines,  due  to 
substances  the  most  nearly  eieraentary,  and  having 
their  molecides  in  the  highest  stage  of  dissociation, 
originate  only  deep  down  in  the  solar  atmosphere 
where  the  heat  Is  most  intense;  others,  due  to  vapors 
with  molecules  somewhat  less  simple,  ha^'e  their  birth 
a  little  higher;  and  others  yet,  due  to  molecules  the 
most  complex,  are  produced  ouly  in  the  most  elevated 
regions  of  the  solar  atmosphere;  each  elevation  thus 
being  responsible  for  its  own  special  family  of  spec- 
trum lines, 

"  If,  however,  we  reject  this  theory  as '  not  provt 
we  get  results  not  very  different. 

"The  vapors  of  the  photosphere  and  chromosphere 
28S 
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are  not  to  be  ihuuglu  (if  u»  (;nlircly  separate  uiid  (j 

tincl.    All  the  Rases  an-  fiiunii  iDgelliPP  in  the  inter- 

SticpH  between  the  cIoud-Kranulcs  of  tho  phoUtnphcre 

,he  unkniiwn  tmbstanre  which  pHxluces  the  green 

in  (he  Hpectruin  of  the  coroim,  the  hydrogen,  ihe 

Irinm.  and  helimii  which  characterize  the  chronio- 

.nd  the  mnlalHo  vapors  which  give  the  re- 

iing  layer  its  [XHruliar  properties^these  all  cxii*t 

'ther  in  the  lower  deplh-H,  imlesH,  indeed,  it  may 

ibly  I*  the  ca^o  that  at  Ihe  greater  elevations 

lie  compound  bodies  are  fonned  which  can  not  exist 

in  the  fifrcer  finw  below.    St)  far  an  we  ean  diHtii)guu>h 

between  these  different  pijrliotw,  we  may  define  the 

lotoHphere  na  the  shell  witiiin  which  precipitation  » 

;ing  place;   ihe  reversing  layer,  lu*  that  lowwt  re- 

>ion  of  the  Milar  atmosphere  which  coutaiuH  noni^ibly 

all  the  Ba**es  indicated  by  the  spectroscope;  the  chnt- 

mo«j>here.  a»  the  region  of  hydrogen,  calcium,  and 

hdivim;  and  the  corona,  art  that  upp<T  domain  of  the 

atmiwpliere  which  iMH-oines  obHer\'able  only  dur- 

solar  eclipses.     But  the  coronal  ga-i  itself  in  most 

ticunuN  and  abundant  right  in  the  photoHphcn; 

reversing  layer,  and  thesiimeiK  Inieof  thehydro- 

if  the  pnimineneee*. 

"It  i»  well,  also,  to  bear  in  mind  thai,  if  any  sub- 

'itiuicps  Hecomposable  by  heat  exUt  upon  the  sun  at 

all,  we  must  expect  to  find  them  in  the  higher  and 

cfKiler  regions  of  the  solar  atmosphere.     In  and  near 

shere,  or  underneath  it.  matter  nuwt  l>e  in 

eleroontal  state. 
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"As  to  the  mechanism  of  the  chromosphere  and^J 
prominences,  if  we  may  use  the  expression,  much  cer- 
tainly remains  to  be  learned.     In  many  cases,  indeed, 
perhaps  in  most,  the  forms  and  behavior  of  the  protuH 
herances  are  satisfactorily  enough  accounted  for  bjjf 
supposing  that  the  heated  hydrogen  and  its  associatf 
vapors  is  simply  forced  up  into  cooler  regioas  by  pre 
sure  from  below — a  preasure  which  must  result  from 
the  downward  movement  of  the  great  mass  of  pre 
cipitated  matter  which  forms  the  photosphere.    Bik 
evidently  this  is  not  the  whole  story.     We  must  hav^ 
recourse  to  ideas  of  a  different  order  to  account  for  th| 
somewhat  rare,  but  still  really  numerous  and  wel 
authenticated  instances  when  the  summits  of  proix 
inences  have  been  seen  to  rise  in  a  few  minutes  to  elfif 
A'ations  of  two  or  three  hundred  thousand  miles,  thi 
upward  motion  being  almost  visible  to  the  eye  at  till 
rate  of  a  hundred  niihs  a  second  or  more. 

"Very  perplexing,  also,  is  the  indubitable  fact  thi 
clouds  of  this  prominence-matter  sometimes  gather 
and  form  without  any  apparent  connection  with  the 
chromosphere  below,  apparently  just  as  clouds  form 
in  our  own  atmosphere,  by  the  condensation  of  vapor 
before  invisible.  On  the  whole,  it  looks  very  much  as 
if  we  must  regard  the  prominences  as  differing  from 
the  surrounding  medium  mainly,  if  not  wholly,  in 
their  luminosity — as  simply  superheated  portions  oti 
an  immense  atmosphere. 

"  But,  then,  we  immediately  encounter  the  difficul 
ties  so  ably  urged  by  Lane,  Lockyer,  and  others,  thai 
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^^^vrtenoe  of  hydroK^"  of  tmy  uppre<riable  tterbtity, 
■Btion  of  pvpn  a  hundred  thniL'wind  iiuW, 
i  dciisify  and  pr«M»uro  at  Iht;  mirTarw  (if  the 
photosphere  no  hiRli  a»  to  lx>  I'litircly  incoiii«Utcnl  with 
the  qMctiDMcopic  phenotiK'rui  there  manife»ted— un- 
les,  indeed,  under  solar  mnditions.  the  action  of 
gravity  upon  the  gasca  of  the  solar  atinoftphere  is 
modified  by  some  repulnive  force.  That  such  a  force 
is  at  least  conceivable,  is  obviou^t  from  the  behavior 
of  the  taiLt  of  comets;  and  many  features  in  tlie  cor- 
ona point  in  the  same  direction.  Of  its  nature  and 
origin  we  can  not,  however,  as.scrt  anything  a^  yet. 

"Even  more  difTicult  than  the  prol>Iem  of  the 
chninwwphere  \»  that  of  the  corona.  While  it  i«  «ome- 
tlilng  to  know  that  the  phenomenon  is  mainly  utolor, 
aad  that,  therefore,  it  nmst  rank  in  niuKnitude  and 
importance  with  the  mottt  magnificent  of  natural  ob- 
jectn,  we  have  yet  to  find  a  Hatisfa<-t(>r>'  explanation 
of  many  of  its  most  obvious  feature^.  It  is  certainly 
very  complex — matter  meteoric  and  matter  truly 
solar;  orbital  motion,  solar  attraction,  atmospheric 
rmintancp,  and  actions  Iheniiai,  electrical,  and  mag- 
netic, are  probably  all  combined. " 

H\La'.H  Views 
the  time  when  Youur  wroU-,  Halm  ha»  eon- 
the  following  theory*,  deiugne<l  |>artirularly 
Uie  pe-riodicity  of  cnin-spotB.'    Halm  calls 

'  AntttU  Hayal  Olwrvaiofj-  Edintmit,  vol.  1.  pp.  7HS1, 
1902. 
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^H         attention  to  the  function  of  the  so-called  solar  env^l 
^^1         lope,  and  refers  to  the  views  of  Langley,  Pickering. 
^H         and  others,  that  it  prevents  the  escape  of  half  of  the 
^^1         solar  encT^.     He  then  considers  the  effect  of  changes 
^^M       '  in  its  powers  of  restraint.     He  accepts  Helmholtz's 
^H         hyiMthesis  that  the  source  of  the  solar  energy  lies  in 
^H      .    the  contraction  of  the  sun,  and  thinks,  in  contradic- 
^H         tion  to  See's  \-iewa,  that  the  sun  is  ah-eady  gradually 
^^K  '      cooling.     He  then  refei-s  to  Hastings'  paper  (cited  by 
^H          Young)  on  the  nature  of  the  solar  envelope,  and  says: 
^H          "  Indeed,  it  seenis  obvious  that  these  particles  which, 
^H          while  ascending  fnim  the  interior  to  the  surface,  are 
^H          precipitated  so  as  to  form  the  luminous  clouds  of  the 
^H         photosphere  must  (quoting  Hastings)  'rapidly  cool 
^^1         on  account  of  their  great  radiating  power,  and  form  a 
^^P         fog  or  smoke  which  settles  slowly  through  the  spaces 
^H         between  the  granules '  and  that '  it  Is  this  smoke  which 
^H         produces  the  general  absorption  at  the  limb. ' "  Tlien. 
^H          to  emphasize  the  importance  of  heat  consen'ation  by 
^H          the  solar  envelope.  Halm  refers  to  Langley's  early 
^B          view  (which  apparently  Halm  has  not  noticed  that 
Langley  afterwards  retracted)  to  the  effect  that  the 
earth's  temperature  would  fall  to  -200°  C.  if  it  had 
no  atmosphere.' 

He  suggests  that  if  gravitation  should  l>e  temporar- 
ily too  httle  to  supply  heat  energy  by  contraction  to 
balance  Inst  energy  of  radiation,  then  the  layer  of 

'  Si-c  "Reporl,  of  th<-  Mt,  WhiUii-.v  Expedition"  p.  123,  and  "The 
T-'mixTUlurn  .it   llir  Mfxm,"'  Mfn.oirs  Nutiiiiwl  AnuU-itiy,  vuL  j^^ 

^^             p.                                                           ^M 

b     ...  ^^ 
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^^ftjdmuiTi  iiirantlpnrpnrr  woiil'l  pool,  niid  ii  lowrr 
^^■w  wuiild  Ix-eumc  tin*  ir-vv  luycj-  of  mnjcimum  in- 
^HbricMcriu'e.  The  ahsorbing  layrr  Iliereby  inrreasrs  in 
Uiiekncm,  M)  that  I  he  ni?w  luyc-r  nf  timxinuini  incan- 
deseenop  dlstapatnt  lesn  energy  thiin  ttio  hryt.  Thii!', 
Bt  lettKth  a  layer  w  rrac-hed  which  dissipates  energ>'  of 
radiation  ait  fa>«t  as  gravitAtJoii  suppUcK  enor^  of  hpat . 
But,  when  thin 'ftiitf  occurs,  the  outer  Uyors  will  Ktil) 
ou  coolinn,  siim-  thrv  receive  less  radial  ion  from 
,hin  than  formerly.  Consequently  they  continue  to 
more  opar|ue,  and  the  amount  of  energj'  of  radi- 
diMiputoil  to  space  therelty  heeomes  less  than 
amoiml  of  heal  cnei-jo'  mippliwi  liy  rontnu-tion. 
continups:  "It  tlms  comes  to  pasw  that, 
Ibe  fum-tioii  of  the  alw<»rl>infi  enveloix"  Is  thai 
mlurinR  Hj<  much  us  [xissible  the  wn.sle  of  energy 
from  the  phot«sphcric  layers  Ixmealh,  it  is.  by  the 
very  nature  of  the  pn>ce!«,  eomiJetled  lo  ovtrrtlo  \\» 
wurlc,  and  to  finally  preserve  too  much  encrgj*  within 
the  star.  The  outbreak  of  erupti<in»  and  the  forma- 
tioa  of  spots  are  the  con.s«iuence  of  an  un.Htable  e<iui- 
Gbrium  in  the  pholo-<pheric  layerw.  and  take  place 
whenever  the  supply  of  heat  from  the  interior  v,  so 
iiuppli'iiicntcd  by  the  continuous  reflection  of  heat 
from  the  overlying  atmowphere  that  the  photixtpheric 
layers  receive  m<ire  heat  than  is  retjuired  for  the  main- 
tt'oaoce  of  their  thcnnol  wiuilibrium. 

"Tlie  function  of  eruption,",  consifting  as  they  do 
in  the  ejection  «if  overheated  photospherio  matter,  w 
to  produce  a  general  heating  and  rlearing  up  of  tlte 
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(rnolpfl  absorbing  layers  of  the  Rolar  envelope.  Tlifl 
action  of  the  spots  consists  in  dramng  the  cooled  pol^l 
tioos  of  this  atmosphere  into  the  hotter  regions  of  tnl 
photosphere." 

Halm  then  goes  on  with  mathematical  work  aimed 
to  show  that  the  consequences  of  these  principles  lead 
to  a  periodicity  of  sun-spot  phenomena  similar,  even 
in  its  details,  to  that  actually  observed,  but  this  part 
of  the  paper  does  not  seem  to  be  so  soundly  based  as 
to  add  much  to  the  merit  of  his  views. 

There  is  a  strong  objection  to  Halm's  mathematical 
analysis,  which  applies,  also,  to  the  several  computaM 
tioa'*  made  by  Vogel,  Pickering,  and  others  to  deteifl 
mine  the  effectiveness  of  the  so-called  "solar  enve- 
lope," which  these  astronomers  regard  as  a  layer 
which  restrains  the  emission  of  the  sun.  For  they 
treat  only  the  losses  suffered  by  the  direct  beam 
through  scattering  in  this  envelope,  without  taking 
account  of  the  gains  which  the  beam  acquires  from 
rays  scattered  into  it  by  the  same  envelope.  Their 
numerical  results  are  hence  of  no  application  to  the 
sun;  for  the  light  proceeding  in  a  single  direction 
from  any  point  in  the  "envelope"  is  derived  from 
almost  a  full  hemisphere.  Their  formulfc  are  appli- 
cable only  to  a  case  Uke  that  of  the  earth's  atmos- 
phere, where  the  entering  rays  are  practically  all 
parallel. 

Schmidt's  Hypothesis 

It  was  in  1891  that  Schmidt  published  his  theoryli 
a  gaseous  photosphere,  and  he  explained  the  appi 


Itly  fiharp  outline  of  the  sun  in  a  very  ingenious  anti 
intemitinK  wuy.     It  is  well  known  llial  tlii-  sun  iiiul 
otiier  tibjwU*  are  ween,  after  Hiey  get,  below  tlie  real 
horiztm  of  the  earth,  tiy  the  refraetion"^  the  air, 
which  curves  the  rays  of  liglit.  The  aiiiountV  curva- 
ture JrpendH  on  the  rate  of  change  of  opticial  density 
of  the  atmosphere  from  its  outer  limits  to  the  surface^. 
of  the  earth.     At  sea-level  the  diflTerenee  enu.'(e<i  by 
refmetion  Iwtween  the  apparent  and  rc-al  positioas  of 
heavenly  bodiL-s  i^  almut  one-half  a  degree  of  arc. 
^ftqipose  the  earth  were  to  rtow  larp^,  but  with  the 
^^pne  atmospheric  densities  prevailing.   There  would 
^^Ka  rertain  limiting  diameter,  alnrnt  r^even  times  that 
^m  the  earth,  when*  the  eurvatun-  of  the  rays  would  Iw 
just  Kuflicient  to  cau.se  them  to  bend  entirety  around 
ttte  eartli  in  iHuviing  from  the  tup  to  the  iKittotn  of  the 
atmosphere,  so  that  if  there  were  no  loss  of  light  on 
the  circuit  a  man  as  tall  as  the  atmosphere  is  thiek 
might  be  imagined  to  stand  on  his  head  at  the  e([ua- 
tor,  and  looking  <lirectly  in  fntnt  of  him  see  httt  own 
he«U  all  the  way  around  the  world.     If  the  eart  h  were 
.  Kupposed  Htill  larger  then  all  thp  rayn  leaving  its  sur- 
face tangentially  would  be  incurved,  and  reach  the 
mifaco  again  at  some  other  point,  witliout  ever  suc- 
ceeding in  ettcaping  to  »ipaee. 

Schmidt  conceived  of  the  sun  as  a  wholly  gaaoouii 
body,  above  the  limiting  size  ju-nt  discus-sed.  .Accord- 
ingly, kxiking  from  the  earth,  there  would  be  a  eer- 
^tain  diameter  at  which  the  line  of  sight  would  curve 
^^■Muid  in  an  infinitely  lung  spiral  of  practically  con- 
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staiit  diameter.  A  line  of  sight  ovitaide  of  this  woi 
pass  nearly  straight  through  the  outer  layers  of  gas, 
and  emerge  on  the  opposite  side  of  the  sun  in  space, 
A  hne  of  sight  to  a  smaller  circumference  would  pass 
along  a  diuiiuishing  spiral  inside  the  sun  till  it  almost 
reached  the  lesser  sphere,  to  which  it  would  finally  be 
tangent ;  and  there  it  would  go  around  and  around  in 
an  infinite  spiral  course  of  practically  constant  diam- 
eter. Hence,  all  lines  of  sight  inside  a  certain  hniiting 
circumference  would  give  brilliant  effects  because 
they  would  have  an  infinitely  long  path  of  incandes- 
cent gas  of  great  dea-iity  t«  take  light  from:  while  all 
lines  of  sight  outside  this  limiting  circumference,  hav- 
ing only  a  limited  thickness  or  rarified  gas  to  take 
light  from,  would  give  by  comparison  only  negligibly 
faint  effects. 

According  to  this  view  the  solar  phenomena,  sun- 
spots,  for  example,  need  not  be  regarded  as  superficial, 
but  may  lie  at  any  point  between  the  outer  limiting 
sphere  and  the  inner  sphere  to  which  the  diminishing 
spiral  of  refraction  nf  the  line  of  sight  at  length  be- 
comes tangent.  If  this  is  so,  a  sun-spot  which  we  see 
near  the  limb  may  really  be  somewhere  on  the  oppo- 
site side  of  the  sun  from  the  earth.  Tliis  hypothesis 
has  curious  consequences  jf  we  consider  the  apparent 
rotation  of  the  sun  as  measured  by  obser\-ing  sun- 
spots.  For  the  supposed  inner  sphere,  on  which  the 
spot  by  hypothesis  really  lies,  must  go  at  a  different 
rate  of  rotation  from  the  apparent  rate  of  the  sun. 
Suppose  the  sun's  equator  in  the  plane  of  the  eclipl 
230 
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that  a  certain  equaUjrial  njwt  actually  lay  at  the 
limb  c»f  iho  inner  sphere,  but  apijcared  at  the  limb 
of  the  boundar)'  sphere.  After  a  synodic  day's  ro- 
tatioD,  the  llKhl  pursuing  the  t^aine  actual  path  mthin 
the  sun  ai)  before  would  ronie  out,  it  is  true,  at  a  point 
just  as  far  advanced  in  anglo  on  the  boundary  sphere 
the  point  it  starteil  from  was  on  the  inner  sphere; 
coniinK  out  nearly  tanf^ent  to  the  outer  sphere,  as 
before,  it  would  not  Iw  directed  towards  the  earth  at 
oil.  The  path  of  light  directed  towards  the  earth 
through  a  sun-spot,  advanced  apparently  one  ttynodic 
day'x  march  on  the  boundarj'  sphere,  would  pursue  an 
eotirely  differently  lihapeil  (Spiral  within  the  sun.  and 
would  cut  our  h>'potheli('jil  sun-spot  aphoro  on  itd 
etiuator,  to  be  nure,  but  not  at  the  same  angtilar  de- 
parture from  the  first  position  as  would  be  indicated 
by  the  appearances.  But  when  we  reach  the  center 
of  the  sun's  disk  (he  line  of  sight  is  straixht.  Hence, 
the  total  period  of  rotation  of  the  supposed  inner  sun- 
^K>t  sphere  muKt  equal  that  of  the  apparent  rotation 
outaide;  for  every  time  the  apparent  sun-spot  reaches 
the  center  of  the  disk  the  real  one  is  directly  Itehind  it. 
Aeoordin^y,  the  motion  of  the  supposed  inner  sun- 
spot  sphere  must  be  non-uniform,  which  seems  ab- 
■urd.  The  sun-spot  must,  therefore,  be  really,  as  well 
M  apparently,  superfifiBl.  An  interesting  result  of 
S^unidt's  hypothesis  appeant,  also,  if  we  consider 
ipectroBcopic  line-of-sight  deteniiinalions  of  Botar 
rDtation.  For  the  motion  in  the  line  of  sight  depends 
on  bow  far  down  in  the  sun  we  coosider  the  light  aa 
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arising,  so  that  it  would  seem  that  all  .siweli-al  lines 
should  be  widened,  when  viewed  near  the  limb,  unless 
the  material  which  gives  rise  to  them  is  situated  close 
to  the  apparent  level  of  the  limb. 

Schmidt's  views  have  obtained  considerable  ac- 
ceptance, but  not  from  observers  of  solar  phenomena. 
The  late  Professor  Keeler  said:'  "According  to  this 
theory,  the  sharpness  of  the  sun's  limb  and  the  enor- 
mous change  of  brightness  at  that  place  are  not 
caused  by  corresponding  abrupt  changes  in  the  con- 
stitution, density,  or  light-radiating  power  of  the 
solar  matter,  but  are  the  result  of  refraction  in  a  non- 
homogeneous  medium.  ...  In  other  words,  the 
photosphere  Is  an  optical  and  not  a  material  sur- 
face. ,  .  .  Various  assumptions  as  to  the  mass, 
temperature,  etc.,  are  here  neces.sary,  which  it  is  gen- 
erally impossible  to  verify,  but  Dr.  Knopf  has 
shown  .  .  .  that  the  conditions  in  the  case  of  the 
sun  are  well  within  the  bounds  of  probability.  .  .  . 
But,  however  difficult  it  may  be  for  present  theories 
to  account  for  the  tenuity  of  the  solar  atmosphere, 
immediately  above  the  photosphere,  and  however 
readily  the  same  fact  may  be  accounted  for  by  the 
theory  of  Sclunidt,  it  is  certain  that  the  observer 
who  has  studied  the  structure  of  the  sun's  surface, 
and  particularly  the  aspect  of  the  spots  and  other 
markings  as  they  approach  the  limb,  must  feel  con- 
vinced that  these  forms  actually  occur  at  practically 


'  AttrirphymAxd  Jtmrnal,  vol.  i,  p.  ITS,  1885. 


WHAT   IS  THE  HI'N? 

.nauiL-  level,  that  U,  tlml  (Ue  pliutoKphcrt:  ia  tui 
I  und  not  an  optira!  wirface." 


Juurs'fl  Views 
r  W.  H.  .Iuliu)«  of  Utrecht  haj*  profKiHwJ  u 
B  dj  flolar  Uieoriwi  ronip<>H(>(l  of  inKcniiiiiK  nppli- 
pati<MW  of  the  principles  of  mionmlou!'  dLs|>fivioi].     It 
huM    been    abiin- 
fliuitly  shown  by 
Inhurntory    rx- 
pcriment.H  that 
the  dwpereioii  of 
light    hy    the 
1-apoRi  of  mt^alM  ^m 
i»  Mihjcot  to  ilix- 
continuitipH   in 
the    rv^oiw    uf 
■pectrum     im- 
mediately   adja- 
cent to  their  lines 
of   Blrong    onu^  i»„„«,.,^ 

Rion  and  absorp- 
tion. Fif;.  nT  showa  the  anoninlniis  tncbranchcd  dit*- 
persion  cur\'p  of  !<odium  ^apor  in  the  npiKhborliood  nf 
the  D  iintw,  atTordinft  in  resoarchfs*  of  H.  W.  Wood. 
For  comparison,  the  normal  di(»i(erwion  of  nwU-swilt  tn 
the  mrae  region  is  also  given.  The  enoniiou»  ^'ari- 
atioDsof  dispersion  of  tlie  light  on  the  edgee  of  the  D 
Iium  by  Kodium  vhfht  would  cauKO  the  produottun  of 
dark  «pcctml  line^  under  eertain  rirmmtitantm,  not 
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by  tnip  absorption,  but  by  anomalous  dispersion.  ■ 
Julius  has  applied  this  t«  the  explanation  of  many  of 
the  solar  phenomena,  and  the  reatler  interested  should 
consult  his  numerous  papers  and  also  the  critical 
articles  ofHartmann,  .\nderson,  and  others.  See 
The  Astrophysiad  Journal,  Aslronomiscke  Nachn'chten, 
et  cetera. 

We  may  briefly  state  two  or  three  of  Julius's  ex- 
planations here,  and  first  concerning  the  chromo- 
sphere and  prominences.  These  objects  have  bright 
line  spectra,  and  appear  to  protnide  beyond  the  limb 
of  the  sun.  Elruptive  pronoinences  often  appear  to 
shoot  out  as  rapidly  as  100  miles  a  second!  But  to 
Julius  they  lire  not  seen  by  their  own  brilliance  out- 
side the  sun's  timb,  nor  do  they  rise  with  such  veloci- 
ties at  all.  Tlie  Une  of  sight  to  the  apparent  summit 
of  a  prominence  is  really,  he  thinks,  a  greatly  curved 
line  by  virtue  of  the  anomalous  dispersion  caused  by 
the  non-homogene(}Us  density  of  a  mass  of  non-lum- 
inous gas  existing  there;  and  the  true  source  of  the 
principal  light  is  in  the  photosphere.  A  slight  re- 
arrangement of  the  density  alters  greatly  the  path  of 
the  rays,  and  causes  the  impression  of  displacement 
of  the  prominence  at  enormous  speeds.  Adjacent 
wave  lengths  of  the  photospherie  light  do  not  reach 
the  observer,  because  not  anomalously  refracted. 
The  wave  lengths  of  prominence  spectra,  if  unaffected 
by  other  causes,  would  generally  be  slightly  greater 
than  the  wave  lengths  of  the  true  absorption  lines  of 
the  gases  concerned,  because  the  density  must,  on 
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the  wiiolc.  (liminuth  outside  Ihe  photOKphere.  But 
Julitm  rpgardK  irregular  density  gradients  in  the  oppn- 
direction  a*  of  common  occurrence,  so  that  short 
ive  lengths  will  frequently  occur.  The  displace- 
l«  of  wave  lenKtha  themselves  will,  he  thinks,  be 
almost  imperceptitde.  \\Tiftteverinayl>eouropinionof 
Julius's  explanation  of  the  high  prominenettH,  womuHt, 
1  tliink,  u<lniit  a  considerable  prohability  that  anomal- 
dinpemion  might  pntduoe  many  of  I  he  phenomena 
the  chromosphere.  But,  on  the  other  hand,  if  the 
>herir  gases  are  self-luminous,  the  anomalous 
■ffccts  may  bo  almost  entirely  masked. 
nBunfaofcr  lines  Julius  rcgiu-ds  as  "absorptioo 
linw  enveloped  in  dispersion  banib*,"  the  latter 
caused  by  a  honeycomb  of  inrgular  density  gradients 
in  the  photosphere,  and  showing  themselves  chiefly 
as  the  "wings"  which  occur  with  nuiny  lines.  Rcver- 
wUs  of  chromuspheric  lineK  he  regards  as  evidence  of 
local  condensations  of  gas,  in  which  density  gradienta 
in  both  directions  occur,  thus  bringing  Ixith  longer 
and  shorter  wave-length  tlispersion  bands  to  the  eye. 
Even  sun-spots  he  attribute*  to  r»;fraetion,  but  not 
itnalous  refraction,  at  least  as  reganls  their  nuijor 
phenomena.  Me  imagines  local  stn>ng  (Condensations 
or  rarefactions  in  the  ]>botosphere,  and  .thows  how 
theiw  might  protluce  regions  of  diminisheil  radiation, 
on  account  of  the  nMtistribution  of  rays,  and  the 
return  of  some  to  the  sun.' 


^8hi  furtbM  "ItcfulBi'  Ctni^anMin  of  titrBulm  Itrfrmrtkin  ii 
"  by  W.  H.  J»tiiv.  Pr«   Rau   .Inid    «/  .im.irrrf™.  Mn-I 
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Astronomers  generally  admit  that  in  the  sun  thei 
may  be  conditions  which  favor  the  production 
phenomena  of  anomalous  dispersion,  especially  in  thi 
phromosphere.    With  few  exceptions,  however,  thej 
believe  anomalous  effects  negligible,  and  the  observe* 
facts  to  be  more  simply  and  watisfactority  accountfli 
for  on  the  basis  of  orilinary  views  of  selective  emia 
sion  and  absorption,  such  bjj  have  been  given  in  p« 
ceding  chapters.     The  test  between  the  two  metho* 
of  explanation  often  involves  the  precise  measure 
inent  of  wave-lengths,  and  such  criteria  have  not  thuJ 
far  been  applied  with  such  rigor  as  to  exclude  entirely 
the  explanations  advanced  by  Juhus,     It  is  not  iraJ^ 
possible  that  writers  on  solar  phenomena  ten  yei 
hence  will  devote  much  space  to  tlie  discussion  < 
anomalous  dispersion. 


The  Authok's  Vikws 
We  must  leave  the  reader  to  supplement  by  hiffl 
reading  of  the  original  papers  these  inadequate  sum^ 
marieti!  of  the  views  of  various  investigators,  and  \ 
will  pass  on  to  the  solar  theory  which  seems  to  thi 
writer  most  probable.     In  its  most  general  asp 
this  is  similar  to  the  views  stated  by  Secchi  in  1871 
for   Newcomb's  "Popular  .\stronomy. "      Also 
important   paper   by   Schuster  entitled   "Radiatioi 

ing  ot  St'pt.   '2'i,    1909;   "On    lln"   l.)rigin   of    llic    Chromosjihe 
l.ipht,"  Meeting  ot  sftmi'  Acailpni.v,  Nov.  27,  1909, 
Rcfraplion  Plienompmi  ItivpiiLi({alnil  with  t.lic  Sperlrohclin(p»ph,'J 
l.y  W.  H.  Julius,  .-Urophymi-nl  Jmotml,  IVo,  IIHIR,  et  crlrra. 
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nuKh  a  Fuggy  AlmoHphem"  '  haa  Home  thiDgs  in 
conuiKJH  with  it.  Still  more  ill  touch  is  the  paper  of 
Schwartwhiid  already  mentionod.^ 

tt  will  beaKSumed:  A.  The  tnin.exrepting  perhaps 
in  Buii-«poU>,  is  wholly  gaseous  or  vuporoiut.  Except 
in  auD-HpotH  the  phot«wphere  ic<  Ixm  hot  to  contain 
solids  or  liqiiidw.  B.  The  dt-iwity  of  the  giwes  rapidly 
diminiiiheei,  and  their  temperature  rapidly  falU  from 
a  outwardt)  acrutw  the  apparent  boundary  of  the 

iThc  view  that  the  >njn'»  phnt-oitphere  in  too  hot  to 

Btain  other  thnii  garteou^  cuii^titueiitH  hug  been 

ongly  comlmted  by  J.  F.  Hermann  Schulz,^  who 

even  arxuett  that  the  kuu  Is  mainly  liquid.     He  nets 

the  average  temperature  of  the  i)ho(Ofphcre  at  5,400° 

^M.  (Hfi'T  .\bH.)  .Mthnugh  lulniitting  that  the  late 

^^K  MoLwan  placctl  the  teni(>emture  of  his  electric 

^Htmaee  at  3,.'itX)''  C,  and  stated  that  all  known  ele- 

nwutM  volatilize  at  that  temi>erttture,  Sehuiz  argues 

that  the  temperature  of  the  electric  furnace  Is  to  be 

t  higher,  even  pn>lmbly  as  high  a-s  the  sun's  temper- 

•e,  and  the  volatilization  is  not  to  be  regarded  as 

Dpletc  in  the  f\irnace.    His  argument  ia  that  the 

K>iw  encrgj-  <»r  the  electric  current  used  («eo 

bic  IkJow)  had  no  adequate  escape  by  conduction 

■  TBdiation,  ami  niunt  have  raiwHl  tlie  temperature 


itJovmal.  vol  ud,  pp.  l-fi.  m)3. 
rtMMT  dua  Rleichcwv^hl  ilrr  MonnnuinHiapluin*," 
IT.,  Matfa-ph>->>.     Kl       IMM.  |>p.  1-13 

tkgneal  JoHrual,  viil  ndx,  pp.  :a-39.  IWn. 
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^1        of  the  furnace  till  checked  by  the  melting  and  evapo- 
^B         ration  of  the  limestone  of  which  it  was  constructed.      1 
^H             He  continues:  "  Now  Moissan  has  shown  that,  even    1 
^H         at  the  enormous  temperature  attained  in  his  electric 
^H         furnace,  we  have  not  yet  reached  the  point  at  which    ' 
^H         all  terrestrial  elements  are  truly  boiling.     In  this  re-    ■ 
^B         spect  the  following  table  is  very  instructive,  which 
^H         Moissan  gave  in  Comptes  Rendus  of  February  19, 
H         1900(142,430)." 

^H            Table  XV.— Mowwin's  rxpmmentu  on  the  vaponsalion  of  melais  of 
^H                                                      the  iron  famau 

^^M 

Wri.hu 
Gnnu 

MiD^ 

Volu 

M>>WJ 

^B           Nickel 

150 
200 

5 
9 

500 
500 

110 
100 

41 

^^V           Irun 

150 

S2fi 
KOO 

5 
10 
20 

500 

1000 
1000 

110 
lis 

no 

is^^l 

^H            Mangancso.. 

150 
150 

:i 
5 

500 
500 

110 

no 

il 

^H           Chromium  . 

150 

5 

500 

no 

3^1 

^M             Molybdenum.    .. 

1.50 
150 

10 

20 

700 
700 

no 
no 

56 

^1            Tungsten 

150 

20 

800 

no 

2S 

^H            Uranium 

150 
150 
200 

5 

5 

600 
700 
900 

no 

110 

no 

m 

^M              "Moissan   further  adds   the   following   remarks: 
^H          'Molybdenum.     The  150  grams  were  not  fused  by  a 
^ft^         current  of  500  amperes  and  110  volts,  .\fter  applying 
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700  amperes  anri  MO  volbi  for  st-ven  minut«)',  the 
metfil  van  fuwMl  but  nothing  evaporat^'d.  .'Vftcr 
twenty  ininuleH  54>  grains  were  distilled.  Tungtiten. 
Aflcr  applying  500  ainpero*  and  110  voltw  for  five 
minutes,  the  metal  was  not  yet  fiiMKl.  After  apply- 
init  800  anipcn's  and  1  Ht  volt*  for  twenty  ininuten, 
ttoiting  commenced,  but  only  2o  graiiLS  dixtilled. ' 

";\nnthcr  highly  intereHttng  papej  of  MoiHsan  is; 
'  Siir  (a  diiitillation  des  corps  simples. '  '  Here  wc  find 
the  following  statement: 

"'ttold  commences  to  evajMirate  ill  vaeuoat  l.07ff*. 
It  boils  in  vacuo  at  1,S00°,  and  should  Imil  at  7fK)mni. 
prmnire  at  2,53(1°,'  thuH  KhowiiiK  how  iniirh  dei)(>ndH 
upon  the  prcfwiire  under  which  boiling  takwt  place. 
Now  all  Molssan's  pxperiments,  tabulate*!  above, 
are  made  at  ordinary  utmcwpheric  prexMure,  and  we 
are  entirely  at  toss  (o  say  how  much  the  evaporation 
of  the  various  metals  would  have  l>een  relanled  under 
increased  preswurc,  such  ns  we  might  expect  at  the 
very  bate  of  the  solar  atmosphere,  close  to  the  liquid 
nucleus. 

"Mouwan  trie<l,  also,  the  metalloid  titanium  in  his 
electric  furnace.  Five  hundred  gronLs  wi-re  heaUnl 
by  a  current  of  WX)  amperes  and  110  volts;  after  four 
minuten  vapor  ap[>oared,  but  after  Hve  niinuten  the 
Htuff  was  fused  only  on  the  surface,  and  carbide  of 
titanium  had  formed.  Then  300  grams  were  treate<l 
with  1,000  amperes  and  55  votts  for  i^'ven  minute:*; 
re  distilM;   the  stuff  it«elf,  however, 

*  Atmaifik  rhemu  .f.l.  r>Ag«TW.  ()()K,  l4.VIKt.  I«U. 
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1  only  viscous,  the  surface  had  not  become 
horizontal.  In  his  book  '  Der  electrische  Ofen, '  p. 
238,  he  says  that  even  with  a  current  of  2,200  am- 
peres and  60  volts,  the  stuff  in  the  crucible  is  not  coi 
pletely  fused." 

The  Ijehavior  of  titanium  is  not  unparalleled.  Some 
substances  go  over  from  solids  to  gases  without  melt- 
ing at  all.  In  the  second  experiment  nearly  half  of 
the  material  was  distilled,  although  the  melting  was 
not  complete.  No  substances  are  cited  which  failed 
to  become  largely  gaseous  under  a  few  minutes  heat^ 
ing  at  atmaspheric  pressure  with  the  electric  oven. 
True,  an  increase  of  pressure  to  five  or  ten  atmos- 
pheres, which  may  prevail  in  layers  we  can  see  in  the 
sun,  woultl  certainly  have  hindered  the  evaporation. 
But  if  the  elei-tric  oven  Is  above  3,500°  ('.,  even  4,000° 
(',,  it  is  still  far  beneath  the  photospheric  tempera- 
ture. For  if  the  solar  constant  is  1.95  calories,  as  will 
be  shown  in  ("hapter  VII,  the  photosphere  cannol  be 
at  a  lower  temperature  than  5,S60°  Absolute  Centi- 
grade, and  may  be  much  higher  if  its  intrinsic  radiatr. 
ing  capacity  is  considerably  less  than  that  of  the 
feet  radiator.  Indeed,  it  seems  mast  probable  tl 
the  photospheric  temperature  .should  be  set  not  lower 
than  6,5(X)°  Absolute.  At  such  a  temperature,  pre- 
vailing not  minutes  but  milleniums,  one  can  mos^ 
easily  believe  all  elements  are  entirely  gaseous. 

As  for  the  sun  being  mainly  Uquid,  as  argued 

Schulz,  the  sun's  low  specific  gravity  has  led 

those  who  prefer  to  believe  in  a  cloudy  photosphi 
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to  rpganl  the  inleriifr  hm  ulinost  wliuUy  k'^'^^uuh.  We 
return  t»  uur  dii<cui«iiion. 

Il  b  required  to  expliiiii:  1.  Why  the  Huti  presents 
a  sharp  bcnindar>'-  -■  Why  the  enormoiDs  rudiation 
uf  the  photosphp-TC  doe«  rmt  w»  far  r<wl  ib*  surface  sj*  to 
'ipilatf  cIouUm.  3.  Why  a  mori?  or  Ii?s.s  definite 
irturp  appears  on  the  fun.  i.  Wliy  the  speelnmi 
ef  theiiiin  isiiiuinly  i-utiliuuous.  n.  WTiy,  towjinls  the 
limb,  there  i^  a  gnwliial  docreaHe  in  hri^itness,  and  an 
alt«^tion  in  spectral  diKtributiuii.  6.  Wliy  the  »ular 
spectrum  ha»  dark  liiieft. 

Besides  these  principal  n>(|iiirriiienI.M,  there  ore  a 
Ibotuuind  detaitt  of  fact  not  neccfssary  here  to  a*- 
bean«,  which  must  not  be  hopelessly  incor)flis(«nt 
with  any  oalisfaotory  «olar  lh«Miry.  Finally  tberr  are 
the  great  prubleniK  of  the  |>erii>dieity  of  sun-npot», 
faculiP,  et  cetera,  the  Variations  of  Milar  nitation  with 
latitude,  and  the  nupply  of  the  sunV  energ>'. 

(/)  Wkj/  the  Sun  Presents  a  Sharp  Bouadnry. 

In  Lord  RayleiKh's  cHebmted  matbeniatieal  in- 
veetigationfi  of  the  hitht  of  the  xky  he  ba^  nhown  that, 
wbother  proceetling  on  the  h^'pothesir*  of  the  elai«lic 
mlid  theory  of  light ,  or  on  theriecInmiuBtielip  thwiry, 
the  extinpiLshinR  cflei't  oti  a  Wuro  of  lifubt  of  the 
fules  of  a  gas.  or  of  a  collection  of  particles  which 
Kmall  ifimpanHl  with  the  wave  length  of  light, 
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index  of  refraction,  and  N  is  the  number  of  particles, 
or  molecules,  per  cubic  centimeter.  Schuster  has 
proved  the  relation  to  be  independent  of  theory  if  /* 
is  approximately  unity.  This  is  true  for  all  gases. 
He  has  applied  this  quantitative  theory  of  extinction 
to  the  atmosphere.'  For  N  he  uses  Rutherford  and 
Geiger's  value,  2,72  X  10'*  molecules  per  cubic  cen- 
timeter. If  /i  is  the  height  of  the  homogeneous  at- 
mosphere, that  is,  the  height  to  which  the  atmosphere 
would  extend  if  entirely  at  standard  temperature  and 
pressure,  then  e"**  is  the  fraction  of  light  which 
would  reach  the  observer  if  none  were  lost  in  any 
other  way  than  by  molecular  scattering.  From  these 
data  Schuster  calculates  the  extinction  above  sea- 
level,  and  above  1,800  meters  elevation,  and  compares 

Taiile    X\'I. — Diffcrciicr    hctwrcn    observtil    and    computal    indue) 
of  atmospheric  tra7ismugion 
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the  computed  values  with  the  transmission  observed 
on  days  of  mean  and  maximum  transparency  at 
Washington  and  Mount  Wilson,  respectively,  by 
Smithsonian  observers, 

I  Suliirr.  vol.  Ixxxi,  p.  117,  1909. 
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Schiwter  ronclutles  that  on  a  rlear  day  on  Mount 
WUnnn  raalLTular  scatf^u-iuK  jiractically  accounts  fur 
tbe  ■Imosqiheric  pxtinctioii.  Even  at  WashinKtoii 
he  thinkx  the  major  i>art  of  the  losses  in  the  atmoi*- 
pbere  may  be  thins  account'Oil  for;  although  on  tho 
avenge  day  something  must  he  attrihuted  t^j  re- 
fleetion  and  absorption  of  grosser  du»t  particleM. 

Professor  Nalanfinn  has  treated  the  matter  from 
the  Btondpoinl  of  the  electron  theory.  He  difTcrM  in 
Mitnp  respects  from  Rayleigli  and  Schuster,  although 
deriving  u  practically  similar  formulii  for  scattering, 
for  he  introduces  not  the  number  of  molecules  but  the 
number  of  elpctn»ns  per  cubic  centimeter.  He  also 
ha»  coui|>artHj  theor\'  with  the  obscrvationM  of  Smif  h- 
flOtiian  nhsen'ers  at  \Va!*hington  and  Mount  Wilson. 
and  finds  an  approximate  agret'ineiit.  He  do«>s  not 
stale  the  conclusion  in  so  many  words,  but  his  re^iittit 
indicate  that  the  extinction  of  light  above  Mtiinit  Wil- 
Hon  on  the  best  days  may  reasonably  Ik-  accounted  for 
by  mattering  of  the  gan  itself  without  consideration  uf 
duiit  porticleit. 

All  this  has  apparently  a  ver>-  important  bearing 
on  our  views  of  the  sun.  The  tcnifjeralun-  of  the 
layers  from  which  we  get  the  most  light,  as  alreaily 
RtAted,  seems  to  Iw  certainly  in  excww  of  e.OOD"  Alw 
Milule  Centigrade,  There  are  no  substances,  so  far  «-•« 
knowti,  which  can  exist  except  as  vapors  in  thesi>  con- 
ditioOH.  Hence,  i(  scorns  reasonable  to  .suppose  that 
the  nin  contains  no  solids  or  liquids,  uiilem  perhaiM 
ipote,  and  that  ito  substance,  as  we  sec  it,  and 
?I3 
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within  tlic  layt'i'w  we  sin-,  if*  altogether  gaseous,  Riil. 
if  this  is  so.  how,  it,  will  be  asked,  cau  the,  pun  pre)*ent 
li  shiu'p  boundary? 

According  to  the  theory  of  Sehraidt,  which  has  been 
alluded  to,  this  is  caused  by  the  effect  of  refraction. 
But  if  Rayleigh  and  Schuster  and  Natanson  are  right 
in  attributing  a  substantial  light  scattering  effect  to 
gases,  Schmidt's  theory  needs  hardly  to  be  invoketi, 
nor,  indeed,  can  it  really  be  of  much  application.  For 
if,  as  computed  by  Schuster,  the  quantity  of  gas  in 
the  vertical  colimin  of  atmosphere  above  Mount  Wil- 
son is  sufficient  to  scatter  from  the  direct  beam  of 
yellow  sunlight  six  per  cent  of  its  light,  a  colunui  con- 
taining seventy-five  times  as  nuich  will  suffice  to  spst^ 
ter  uiiiety-iiine  per  cent. 

Several  observers  have  found  that  the  pressure 
the  reversing  layer  for  iron  is  about  five  atmosphei 
Assuming  the  average  absolute  temperature  of  the 
photosphere  to  be  0,500°,  and  that  of  the  air  250",  the 
quantity  of  ga's  per  cubic  centimeter  in  the  reversing 
layer  would  be  about  5^  as  great  as  in  air  at  atmos- 
pheric pressure.  As  the  homogeneous  atmosphere 
above  Mount  Wilson  Is  less  than  ten  miles  high, 
seventy-five  times  the  quantity  of  gas  above  Mount 
Wilson  would  be  found  probably  within  4,500  miles 
of  the  top  of  the  sun's  reversing  layer.  This  estimate 
assumes  the  line  of  sight  radial  within  the  sun,  and 
regards  five  atmospheres  as  the  average  pressure.  If, 
as  Evershed  maintains,  the  pressure  of  the  reversing 
layer  is  only  of  the  order  of  one  atmosphere,  still 
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admit  ibat  the  pressure  increawv  rapidly  with 
d^th,  m  that  Mill  the  estimate  soemi*  to  be  aniplr. 
lent*,  il  swiiis  probahlc  that  gaseoUR  watt^^rinR 
le  prevents  U!<  fruni  neetng  towarilM  tliu  center  of 
KUb,  wheu  lookiiiK  dirwaly  at  the  middle  of  the 
disk,  to  more  than  5,000  miles  below  the  re- 
ing  layer. 

,1  the  limb  of  the  suti,  the  direct  line  of  sight  to  a 
ition  at  the  same  distance  radially  below  the  re- 
vi!moK  layer  would  traverae  fully  60,000  miles  of  giw. 
AreorrlinKly,  to  obtain  our  ('ohmm  containing  the 
rpquiMte  quantity  of  gas  for  practical  extinction  of 
xvllow  light,  ut  the  Itinb  we  ^houKI  ]>cnetrate  a 
layer  which,  inea-^ured  aloriR  the  mdius,  would  U* 
very  much  thinner  than  that  required  at  the  center 
u(  iIm^  disk.  For,  even  (o  a  rwtial  depth  of  only  500 
1,  the  direct  line  of  sight  is  almoKl  20,0(X)  niiliw. 
'These  conisidcrutiouK  Kcein  to  [wint  to  a  reasonable 
ilanstion  of  the  sharp  l)oundar\'  of  the  nun.  For 
at  the  edge  uf  the  disk,  owing  to  the  oblique  line  of 
sight,  gw<eou»  scattering  will  probably  extinguish 
almoHt  ail  yellow  light  t^tarting  fnmi  more  than  500 
miles  below  the  chromosphere,  while  an  even  less 
thicknetw  miffices  for  blue  or  violet  light.  It  in  plain 
that  ail  indistinetncKS  of  outline  corresponding  to  a 
layer  of  this  depth  would  not  be  rea<Iily  recogiiizc<l 
on  the  solar  uiiage,  »ince  it  correspondM  to  only  about 
one  second  of  arc.  Furthermore,  the  direct  line  of 
si^t  takes  in  not  only  the  nearer,  but  the  further 
hemisphere  as  well.     A  .still  thinner  stratum 
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than  500  nules  would,  therefore,  suffice  to  roDtribuM 
all  the  hght  that  can  be  coutributed  to  the  beam  di- 
rectly along  the  line  of  sight.  We  therefore  con- 
clude that  «-ithin  a  small  part  of  a  second  of  arc  below 
the  reversing  layer  the  sun  would  appear  as  a  s 
body,  even  though  entirely  gaseous.' 

(2)  Why  Is  there  \'o  Cloudy  Phoiospheref 

But  if  19  said  by  Young  and  many  others  that  I 
cloudy  photosphere  must  certainly  exist  as  the  result 
of  the  juxtaposition  of  the  hot  gases  of  the  sun  with 
the  cold  of  space.  Without  falling  back  on  the  strong 
reply  that  the  apparent  temperature  of  the  so-called 
photosphere  exceeds  6,000°  Absolute  Centigrade,  and 
that  no  known  substances  can  exist  except  aa  vapors 
at  that  temperature,  it  may  be  asked  whether  the  ab- 
sence of  a  cloud  immediately  abo^'e  the  snioke-stack 
of  a  locomotive  in  winter  does  not  show  that  such  a 
juxtaposition  of  hot  gases  and  cold  surroundings  with- 
out forming  a  cloud  is  entirely  possible.  There  is  no 
cloud  formed  immediatelj'  above  the  smoke-stack 
because  the  steam  there  is  superheated  above  the 
boiling  point.  It  may  be  urged  that  a  little  time  is, 
of  course,  required  to  form  the  cloud,  and  that,  owing 
to  the  rapid  motion  of  the  steam,  it  is  carried  a  httle 
above  the  smoke-stack  during  this  interval.  But 
this  is  really  admitting  that  while  the  steam  remains 
superheated  it  will  not  form  a  cloud,  so  that  all  that  is 

'  For  practicHl  purposes  of  sceinE,  it  is  not  the  deptli  of  th?  layer 
vhich  Bfati^rs  Diaty-Duie  per  eent.,  but  a  much  leas  fraction  thai  b 
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topnvent  a  cloud  i«  to  supply  heat  to  the 
A  eitcapm  from  it,  and  thus  to  keep 


Such  ft  iitat«  of  affairs  Heems  to  exii^t  in  the  sun. 
Heating  is  communicated  from  the  interior  to  the  sur- 
face layent  fat^t  enough  t{>  maintain  the  latter  above 
6,00(f°,  ootwit hstandiiiK  their  radiation  to  space,  and 
St  thw  temperature  no  cloud  fomis.  The  convey- 
ance of  beat  from  within  is  probably  almost  wholly  by 
repealed  rwliation.  rather  than  by  vertical  convection 
current*.' 


i. 


What,  Own,  Is  the  Came  of  the  So-called ' '  Rice-grain 
^Structure"  on  the  Sun,  if  there  Are  No  Cloudgf 

It  in  not  to  i»e  >4upIK>M^d  that  the  communication  of 
heat  from  within  outwards  is  perfectly  uniform  at  all 
parta,  for,  as  evidenceil  by  ihe  Kun-spot,H,  the  prom- 
inences, and  the  corona,  there  arc  marked  defects  of 
homogeneity  in  the  sun.  Hence,  it  may  readily  be 
supposed  that  some  regions  of  the  gas  are  a  little  hot- 
ter than  others,  and  that  these  differences  of  tempera- 
ture will  give  rise  to  differences  of  briRhtness.  By  the 
radiation  laws,  the  increase  of  brightness  is  far  more 
rapid  than  the  eorresiHinding  increase  of  letnperature. 

Professor  J.  Scheiner  published,  in  1895,  a  theory 
of  the  solar  inundation  which  seems  very  reasonable; 
and  which,  if  we  consider  the  efTccis  pn>ducod  to  be 
merely  regions  of  local  cooling  without  actual  con- 
densations, would  suit  the  theory  of  the  altogether- 

•  TUa  ia  the  view  of  arliwanichild  ud  bIm>  ol  8w. 
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n  as  well  as  it  <ioes  the  theory  of  the  cloudy 
re. 

ir  Scheiner  says  (quoting  from  a  translation 
•ophysical  Journal) :  "  According  to  the  the- 
mholtz,  air  waves  are  produced  when  two 
ir,  differing  in  temperature  (i.  e.  in  density), 
each  other,  just  as  waves  are  produced  by 
5  of  air  over  water.  If  the  lower  layer  is 
urated  with  aqueous  vapor,  condensations 
ilace  in  the  wave  crests  on  account  of  the 
1  of  pressure.  Under  these  circumstances 
ions  or  wave  crests  appear  as  clouds,  the 
8  or  troughs  as  transparent  interspaces, 
.  more  or  less  regular  serie?  of  cirrus  clouds 
d.  If  the  impulses  resulting  in  wave  forma- 
I  two  different  directions  the  waves  cross, 
/e  the  cloud  effect  known  as  a  mackerel  sky. 
similarity  in  appearance  between  the  solar 
re  and  terrestrial  cirrus  has  long  been  rec- 
ad  there  is  no  doubt  that  the  necessary  con- 
'  the  application  of  Helmholtz's  theory  to 
itmosphere — the  existence  of  layers  of  dif- 
iperature,  the  over-saturated  state  of  con- 
;ases  (in  the  photosphere),  and  variously 
irrents  in  the  different  layers — are  found  in 
I  therefore  regard  the  bright  grains  of  the 
re  as  wave  crests,  rendered  visible  by  Con- 
or at  least  an  increase  of  condensation,  of 
ng  series  of  waves. " 
r  adopt  Scheiner's  view  in  the  present  dis- 
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only  nut  udniittinit  acttial  (■undeiisatuniT 
9  bright  pTiins  wmild  Ix-  our  dark  ones,  be- 
(  cooler  rpgionn  wnuld  riufiatp  Ipast.  Thr 
mder  will  see  that  thl'>  aiiiendmeiit  to  Schciner'e  in- 
tcrpretatiDti  is  rendered  at  least  plausible  by  the  fact 
that  spectrolicliuKTunu*  kIiow  bright  and  dark  hydro- 
gen fioccvii,  and  of  rourKe  mi  Kuch  a  thing  a»  a  con- 
dented  h\fdrogfn  cloud  run  )>o  thought  of  at  solar  ton)- 
peratures. 

(4)  TT/iy  Is  the  Runs  fipectrum  Mainly  Coniinuousf 
GaacM  are  noted  for  giving  only  line  spectra,  while 
th*"  solar  Ppectmm  in,  on  the  contrary,  rbiefiy  a  con- 
linuuuH  ttpcetruin  crossed  hy  attMtrption  linp^.  In 
reply  to  this  objection  it  may  be  saici-that  ga!<es  under 
prewuro  give  niiire  and  more  continuous  speolrum 
along  with  the  briglit  Uneis,  even  in  layers  of  miall 
thickness,  Ukp  those  operatwl  on  in  the  laboratory. 
(See  Plate  NVIIl.)  Think,  then,  if  layers  many  milet 
thick,  and  under  pressures  of  at  least  several  atmos- 
pheres, may  not  give  a  fully  continuous  apectnmi. 

(6)  Why  Does  the  Limb  Fall  Off  in   Brightnest  and 

Qrov}  Redder  f 

As  8lat«d  above,  the  light  received  fmm  near  Ihc 
edge  of  the  solar  disk  comes,  on  ttie  whole,  from  more 
niperficial  layere  tbau  that  received  from  the  center 
of  the  disk;  because  at  the  edge  we  lo«)k  obliquely, 
and  hence  by  a  longer  path,  into  the  sun,  and  the  scat- 
tering of  the  moIcciUes  cuts  off  the  new  before  the 
deeper  layera  seen  at  the  center  are  reached.    At  the 
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edge,  the  layers  which  ure  emitting  light  to  us,  being 
more  superficial,  aud  hence  cooler,  will  in  consequence 
give  less  intense  hght  than  those  at  the  center. 

Referring  to  Tables  7  and  8.  Chapter  III,  it  is  pos- 
sible to  compute,  either  by  Stefan's  law  or  by  Wien's 
law,  the  change  in  effective  temperature  required  to 
account  for  the  decrease  of  brightness  towards  the 
sun's  limb.  As  shown  in  Table  8,  the  two  methods  of 
computation  are  in  close  accord.  Extending  the 
result  somewhat,  we  have  the  following  differences  of 
temperature,  assimiing  the  central  disk  temperature 
(),400°  Absolute  Centigrade.  These  may  be  compared 
with    the   corresponding  differences  of  elevation  of 

the  lowest  observable  layer,  a.ssuming  a  depth  of  —r- 

radius,  or  7,000  kilometers,  as  the  limit  of  visibility 
at  the  center  of  the  disk.  _I 
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The  small  temperature  gradient  of  the  order  of 
1°  C.  per  kilometer  of  change  of  level'  required  for 
this  line  of  explanation  seems  no  greater  than  we 
should  expect  to  exist  in  the  sun's  outer  layers. 

As  scattering  is  greater  for  violet  than  for  red  rays, 
the  liolet  rays  will  come,  on  the  average,  from  more 

'  Mean  radiating  level,  nol  lowoel  visible  level. 
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^Hperficinl  layers  than  the  red,  both  at  the  center  and 
^H||B-  Acconlingly,  the  dtatnoter  or  the  sun  should  l>e 
^pvater  if  measured  in  violet  Hght  than  if  measured  in 
r«I,  so  far  a»t  this  Run«ideratioii  gotw.  But  the  difT«r- 
fiice  of  (liHiikctcr  due  to  this  cau(*e  i-s  probably  too 
little  to  l)e  nieaHurod.  It  Is  olwcureti  by  "Ixtiling"  of 
lh<?  «m>  image,  diffraction,  and  scattered  light  in  the 
earth's  atmottphere,  any  one  of  which  alone  probably 
produces  a  greater  effect  at  the  linilw  than  that  we 
are  considering.  According  to  Planck's  formula,  the 
change  of  interi.<ity  of  radiation  accompanying  change 
of  temperature  of  the  radiating  source  is  greater  pro- 
portionally for  short  wave  lengths  than  for  longer 
one».  Hence,  it  followH  that  the  violet  should  be 
weaker  with  rc«pcct  to  the  rcil  at  the  limb  than  at  the 
center  of  the  sun.  This  Is  in  accord  with  observation. 
Whether  Iliis  effect  would  Ijo  augincntwl  or  <!imin- 
ished  in  conse<|nenre  of  the  fart  that  the  effective 
radiating  layer  for  violet  radiatitiri  is  nearer  the  sur- 
face than  that  for  red  at  both  renter  and  edge,  de- 
pends on  the  relative  change  of  tcniperalure  due  to 
this  shifting  of  depth  at  the  two  regions.  It  se«na 
imposHible  as  yet  to  determine  bow  this  would  be. 


(ff)  Why  Han  the  Solar  Speftrum  Dark  Lines  f 

All  the  Fraunhofcr  hnes  would  n-ally  N'  brirfit  if 
seen  against  a  dark  biickground.'  They  are  dark  only 
relatively  to  the  brighter  continuous  ajwctrum.     In 


DiSeimt  prnuiu  cstininlt-  thrir  l>ri|(hlii<v<  an  1mm  <uu--Mth  t 
that  uf  Uw  rontinunita  upralrutu  )>iukictnun>l. 
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these  lines  the  selective  absorption  of  radiation 
powerful,  and  cuts  off  alJ  transmission  within  a  s 
distance,  so  that,  as  compared  with  the  continm 
spectrum,  they  are  emitted  very  near  the  surface 
the  sun.  This  superficial  layer  in  which  they  arise 
cooler  than  that  which  lies  behind,  hence  its  emissii 
is  less  intense,  and  hence  the  comparative  darkness  of 
the  Fraunhofer  lines.  As  between  the  center  and  the 
Umb  of  the  sun  we  should  expect  little  change  in  the, 
absolute  brightness  of  the  Fraunhofer  lines,  becai 
owing  to  the  powerful  selective  ab.sorption  witi 
them,  they  are  very  markedly  superficial  phenomena 
both  at  center  and  Umb.  Thus,  but  little  change  in 
the  effective  deptli  and  temperature  from  which  they 
are  emitted  occurs,  no  matter  from  what  angle  the 
surface  of  the  sun  is  viewed.  It  is  not  so  with  the 
process  nf  weakening  by  scatt,ering,  which  requires 
great  thickness  of  gas;  and  hence,  as  we  have  seen, 
the  continuous  spectrum  is  brighter  at  the  center  of 
the  sun  than  at  the  limb.  Consequently  the  contrast 
or  "intensity"  of  Fraunhofer  lines  falls  off  towards 
the  Umb,  because  they  change  little,  while  the  back- 
ground agmist  which  they  are  seen  falls  off  in  bright- 
ness. 

Why  Are   Not  all    Chemical   EleTtients    Impartially 

Represented  by  the  Intensities  of  Their  Solar  Lines  f 

It  is  not  to  be  inferred  from  what  has  been  said 

under  (6)  that  thereisno  thickness  to  the  "reversing 

layer,"  or  no  change  of  its  effective  thickness  from 
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center  to  thfi  edge  of  the  eun,  bul  oiJy  thai, 
r^ativeiy  to  the  pffeetive  thirkn«w  of  the  layer 
which  fuim«b«»  the  continuous  H]>ectn]m  at  the 
renter  of  the  sun's  disk,  the  reversing  layer  for 
any  one  clement  is  thin.  Hrnre,  we  may  dis- 
tingutdi  between  higli  level  and  low  level  spectrum 
Uneo.  It  would  be  expected  a  priori  that  elements 
(n)  of  high  atomic  weight,  <b)  of  high  vuporiKing 
temperature  would  be  found  at  tower  levels,  and 
(c)  titat  of  ttie  Hpectrum  lineM  of  a  single  element  the 
longer  wave  lengths  would,  so  far  a.s  depending  on  the 
relations  of  temperature  and  eniirwion,  represent 
hi^ier  levels.'  It  might  |>erhap.i  )h>  expected  that  the 
imrening  layer  for  a  heavy  element  could  lie  wholly 
rUdow  that  of  a  tight  one.  For  very  low  lying  ele- 
lDent«  it  might  conceivably  occur,  through  scattering, 
that  their  entire  spectra  would  diHapi>ear  at  the  edge  of 
the  ttun.  although  apt>eunn)r  at  the  center.  In  general, 
low  lying  eJeuieiitH  woidd  give  we-ak  solar  spectra, 
bevmuw  the  teniiwrature  of  the  einiwion  of  their  lines* 
would  more  nearly  approach  the  temperature  of  the 
cmifution  of  the  eontinuouK  Hi>eclrum  backjtround. 

Referring  to  Chapter  111,  the  reader  will  recall  the 
marked  connection  between  atomic  weight  and  in- 
letudly  of  solar  spectra.  On  the  whole,  the  elemeiiut 
of  less  atomic  weight  give  the  strongest  solar  spectra. 
The  phitinuni  group,  of  very  high  atomic  weight,  on 
the  other  hand,  is  only  partly  represented  in  the  solar 
*1\m  <AeFt  of  ■nitmng  nruiilil  tmit  in  ibi'  oitiiT  directiun.  horn- 
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epectrum.  Rowland  and  Tatnatl  say,'  speaking  of 
these  elements:  "The  heavier  lines  have  been  exam- 
ined as  to  the  probabihty  of  their  occurrence  in  the 
solar  spectrum,  and  investigation  has  confirmed  the 
existence  of  rhodium  and  palladium  in  the  sun.  Ruth- 
enium is  doubtful ' '  (afterwards  confirmed)  ' '  and  it  is 
most  probable  that  there  are  no  solar  lines  of  appre- 
ciable intensity  belonging  to  platinum  or  osmium  in 
this  region  of  the  spectrum"  (X.3,000  to  4,000).  "The 
most  intense  lines  of  the  arc  spectra  of  rhodium  and 
palladium  correspond  to  extremely  weak  solar  lines." 
Thisf ailureof  solar  lines  is  not  for  lack  of  strong  lines  in 
the  arc,  for  Rowland  and  Tatnall  give  many  platinum 
arc  lines  of  intensities  5  to  15,  to  which  there  are  cer- 
tainly no  corresponding  solar  lines  above  intensity  00. 

The  compai'ison  of  intensities  and  atomic  weights 
given  in  Chapter  III  has  some  glaring  discrepancies. 
Carbon  is  found  near  lanthanum,  although  its  atomic 
weight  is  but  12.  It  is  now  believed  that  solar  lines 
attributed  by  Rowland  to  carbon  are  really  due  to 
earbon  compounds  of  considerable  molecular  weight, 
notably  to  cyanogen.  Glucinimi  and  potassium  fall 
in  strange  company.  But  they  have  only  one  or  two 
lines  each  identified  by  Rowland,  and  these  may  lead 
us  into  error.  Indeed,  Kayser  and  Runge  question 
the  existence  of  potassium  lin&s  in  the  photospheric 
spectrum. 

In  the  flash  spectrum  at  eclipses  we  have  another 
indication  of  differeneas  of  level.     There  again,  as 


'  Aslropk'juicat  Ja-amal,  vol.  ii,  p.  184,  1895. 
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^Hdwd  by  Ever»hed,  Lockyer,  Jevell,  Mitchell,  and 
^^■ben  from  mcaMurementK  uf  the  tpngths  of  fliixh 
^P^CCtrum  arcs,  the  order  of  level  agreen  on  the  whole 
with  that  which  we  have  ju«t  eorwiderod.'  AKaiii,  in 
Adaius'  work  uii  the  :*oIar  rotation,  if  we  grant  lax  we 
mii.'it  when  we  rceall  the  relative  rotational  velocities 
obecn-cd  tlirouKb  red  hydrogen  (Ha),  calcium 
(\4,227),  and  iron  lines)  that  lower  levels  correspond 
to  slower  velocities,  then  we  find  (CN^)  and  lan- 
thanum falling  in  at  lower  levels  than  iron  and  titan- 
ium, just  an  they  appear  to  do  from  considerations  of 
Rowland's  iutensitieft. 

The  absence  of  lines  of  helium,  the  halogens  and 
other  negative  elementj*  in  the  phoUwpheric  spectrum 
l"*  probably  due  1^>  the  exlinguitbing  effect  which  the 
metals  appt^ar  to  produce  on  the  lines  of  such  elements 
when  the  metallic  jmd  other  ga^i*  are  mixe<l.  Thus, 
arording  lo  K.  Wictlcniann,  njtnigen  and  hviirogen 
lines  first  begin  to  ap|M!ar  in  a  vacuum  IuIk-  showing 
mercury  lines  when  the  concentration  of  these  gases 
i»  thirty  per  cent.  Also,  common  salt  in  a  flame  shows 
the  itpectnim  of  itoilium  alone,  not  of  chlorine. 

What  Causes  Ifie.  Oifferentes  of  Character  and  Wave 
Length  far  Fraunhofer  Lines  betwffn  the  Center 
and  Edge  of  the  Sun  f 

The  reader  will  recall  that,  after  allowing  for  the 
rotation  of  the  sim  and  for  an  api»arcnl  general  rise 
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of  the  brighter  materia!  toward  the  snhur  auriaeB^ 
Adams  '  confinnerf  Halm's  and  Buis»on  and  Fabry's 
resulta  that  there  ia  a  general  displacement  toward  the 
red  of  the  centers  of  most  solar  tines  aa  seen  near  the 
limhn  and  compared  with  the  center.  This  displace- 
ment Ls  inappreciable  for  the  more  prominent  lines 
of  hydrogen,  calcium,  sodium,  and  magnesium,  and 
small  for  the  other  lines  of  these  elements-  Also  for 
elements  of  high  atomic  weight  the  shifts  are  very 
small.  Iron  and  nickel  lines  show  larger  shifts  than 
tho»»e  of  titanium,  vanadium,  and  scandium.  En- 
hanced lines  as  a  cla^  show  larger  shifts  than  arc 
lines  do.  Lines  strengthened  at  the  limb  show  small 
shifts,  Th**  (ii.*tplacements  are  greater  for  long  wave 
lenffthfl  than  for  short.  The  character  of  lines  at  the 
limb  is  also  altered.  Some  strong  lines  of  the  elements 
hydrogen,  sodium,  calcium,  silicon,  magnesium, 
aluminum,  iron,  chromium,  titanium,  and  manganese 
lose  partially  or  wholly  the  winged  appearance  which 
they  have  at  the  center.  Many  lines  of  all  kinds  of 
elements  ore  slightly  widened.  The  enhanced  lines 
and  lines  of  elements  of  high  atomic  weight  are  gen- 
erally much  weakened. 

The  weakening  of  high  temperature  and  low  ly 
element  lines  may  be  attributed  to  scattering.     At 
Mift  center  of  the  sun  we  look  straight  down  upon  the 
lower  reversing  layers  and  get  their  rajs  under  more 
favorable  angles  of  scattering  than  at  the  limb,  wht 
they,  in  order  to  contribute  to  the  line  of  sight,  mui 
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flcmttcr  by  one  nr  more  reflections  through  a  right 
angle,  or  nearly  so.  Hence  the  contumoiis  spectrum 
at  the  limb  enrroaches  upon  their  lines,  dihiting  them 
with  stray  liglit.  I'urthennore,  what  in  at  least 
equally  important,  the  sun's  continuous  s/wr/rum  it 
weaktr  at  the  limb,  for  reawms  alreaily  ronsideret], 
and  would  give  the  Urios  toss  contrast;  even  without 
the  effect  we  have  just  consitlered.  This  weakeninjr 
of  the  continuous  «j>ectnim  at  the  Umb  contributw 
powerfully  t«  reduce  the  visibiUty  of  the  wings  of 
lines.  alN>,  hecauae  the  wings  are  7ie<m  against  a  back- 
ground which,  towards  the  limbs,  approaches  mortr 
and  more  their  own  st  rengt  h  of  «mission.  The  widen- 
ing of  lincH  scenu<  jHissibly  a  promiNcuoUH  IX>pplei 
effaet  due  to  their  Iieiug  contributed  to  by  different' 
lereU  rotating  at  differ4?nt  velitrilics. 

Adaiu^  exphiins  the  suiK-riur  displacements  of  en- 
hanced lines  by  suggesting  that  at  the  center  of  the 
aun,   the  higher  (emtK'niturt*  ga^-M  am  rising,    tbi- 
'^Vj0oole-r  ones  falling,  giving  for  the  spectrum  lines  in 
general  u  rising  effect:    IxTause  most  of  the  light 
comes  from  the  brighter  emitting  matter  which  is 
rising.   But  for  the  lincM  which  an-  high  temperature, 
or  enhanced,  linee  a  maximum  rate  of  riinc  (greater 
than  that  of  average  lines)  is  obser\'ed,  because  the 
descending  cooler  vapors  do  not  emit  or  absorb  en- 
hanced linos,  90  that  for  these  lines  there  is  a  dispU»*i*- 
ment  of  central  apeclra  towards  the  violet  which  ap- 
pean  as  an  increased  displacement  of  edge  spectra 
Inwards  the  red.    Of  course,  at  the  limb  these  mo- 
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tions  of  rise  and  fall  are  at  right  angles  to  the  Une  of 
sight,  and,  therefore,  produce  no  Doppler  effects. 

Having  thus  cleared  the  ground  of  Doppler  effects 
of  rotation  and  rise,  Adams  attributes  the  remainiDg 
displacements  to  pressure  depending  on  level.  High 
level  lines  are  not  displaeed  becau-se  emitted  under 
slight  pressure  both  at  the  edge  and  center.  Low 
level  Unes  are  not  displaced  because  they  arise  only 
from  thin  strata  at  the  verv-  bottom  of  the  layer 
which  is  visible  to  us,  and  which  must  be  at  nearly 
equal,  though  high  pressures  at  both  center  and 
limbs.  Scattering  does  not  permit  us  to  see  much 
beyond  the  outer  boundaries  of  such  strata  at  center, 
and  at  the  limb  we  sec  them  only  faintly,  and  after 
the  rays  have  been  one  or  more  times  reflected,  hence 
such  spectrum  lines  are  weak  at  the  limb.  Lines  of 
intermediate  levels  are  under  higher  effective  pres- 
sures at  the  limb  than  at  the  center,  according  to 
Halm's  view,  as  adopted  by  Adams,  because  any  line 
of  sight  drawn  just  inside  the  limb  has  a  longer  rela- 
tive path  in  the  lower  layers  it  cuts  than  a  line  of 
sight  drawn  near  the  center  of  the  disk  has  in  the 
corresponding  layers.  Hence,  lower  layers  contrib- 
ute proportionately  more  to  the  spectra  of  inter- 
mediately lying  elements  at  the  limb  than  at  the 
center. 

The  writer  must  confess  that  he  feels  a  little  hesi- 
tancy about  adopting  this  last  argument,  because  he 
thinks  that  it  would  be  necessary  to  consider  for  these 
layers  quite  as  much  the  rays  scattered  into  the  het 
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trota  all  nidex  an  (n  (ton^idor  tuuroly  tlic  I'uic  of  ^UK^i. 
But  until  Ihr  propoptions  rnntrihuloil  to  a  beam  by 
scattering  fnmi  different  distances,  and  at  different, 
u)^e»),  and  the  rate  of  change  of  density  along  the 
»>un's<  rniliui*,  are  belter  known  than  now,  it  siH-nis  idle 
In  preHH  this  objection. 

Juliui>  haa  explained  the  diKplacements  of  lines 
towards  the  twl  a;*  a  simple  con.'*e(|uence  of  anunrntoux 
dispcttson.  But  AduniK  nhowH  that  the  lines  apt  t^  he 
mofit  powerfully  affected  by  anonmlouit  diKpenuon 
thow  no  iihiftA  at  all,  and  that  a  comparison  of  all  the 
t  data  as  to  the  strength  of  anonuiloun  dispor- 
I  for  the  Hcveral  lines  with  their  obnervecl  .■*bifl«  at 
tlie  limb  yields  mitliinK  to  recommend  this  i-xplana- 
tion  of  Julius. 

ir/iy  Dtt  Oie  Prmninencfs  and  the  ChrontosiihiTf  (fiiv 

Hrighl  hifie  Spectra  ! 

Aceording  to  the  line  of  explcuiation  we  are  pursu- 
ing, the  ga8C8  of  thei^e  appendagcfi  of  the  suti  are  in  a 
oondition  of  extremely  low  pressure  and  density,  and 
do  not  contain  sufliciently  many  inolceulcM  contrib- 
uting radiation  to  the  line  of  sight  to  emit  a  tttroog 
eontinuous  spectrum.  But  for  the  sjK^'tnim  lines  of 
powerful  selective  emiflsion,  their  rwliation  is  sufTi- 
eiestly  considerable  to  reveal  their  forms. 
WKai    of    the    Ckaracterialic   FumiH    and   Occasional 

Immrnae  Velocities  nf  tlie  Prominences/ 

Alibougb  not  sliared  by  all,  there  has  always  been  a 
hoitMioy  among  many  of  thme  who  regard  pmm- 
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ineoces  as  real  protruding  masses  of  bri^t  gas,  and 
not,  after  Julius,  as  mirage  effects,  to  trust  their  ob- 
servations, both  direct  and  spectroscopic,  that  these 
gaseous  masses  are  bodily  projected  at  such  rates  as  a 
hundred  miles  a  second.  It  is  hard  to  imagine  on 
purely  mechanical  grounds  how  auch  velocities  could 
arise.  In  spectroscopic  determinations  the  motion 
obser\'ed  in  prominences  is  apparently  tangential  to 
the  sun.  W.  A.  Michelson  of  Russia  has  suggested 
that  in  this  case  we  may  really  have  moderate  motion 
across  the  line  of  sight , 
a.s  illustrated  in  the  accom- 
pan>ing  Fig,  58.  Let  as  be 
a  line  of  sight,  and  let  a 
mass  of  gas  whose  front  is  AA,  rise  to  positions  BB 
and  C(;,  Then  the  source  of  light  moves  effectively 
from  a  to  6  to  c,  giving  an  apparently  enormou-s 
motion  in  the  line  of  sight,  which  is  really  a  much 
smaller  motion  across  the  line  of  sight.  WTiatever 
may  be  thought  of  thU  explanation,  it,  of  course,  has 
reference  onlj'  to  apparent  enormous  tangential  ve- 
locities. 

As  for  apparent  enormous  radial  motions,  we  all 
frequently  see  wisps  of  cirrus  clouds  sti-etch  across  the 
sky  in  a  twinkling,  as  it  were.  This  does  not,  of 
course,  indicate  motion  of  translation  from  one  end 
of  the  wisp  to  the  other,  but  rather  the  rise  of  a 
trough  of  cooling,  which  causes  a  precipitation  of 
cloud  almost  simultaneously  along  its  whole  length. 
Young  and  others  state  that  detached  prominences 


I  form  without  preliminary  attachment  to 
||'«  cbromosphere.     I\*rha)js  eruptive  i)romi- 
i-Are  formed  somewhat  as  cirrus  clouds  arc,  by 
)  from  the  nun  of  »ome  diaturbanco  fitted  to 
e  emission  almoist  simultaneously  withiii  targe 
.  uf   previnunly  nuii-luminous  hydrogen   and 
1  ga*ws,  which  lie  where  a  proiuinenee  is  about 
Perimpfi  an  elerlrical  excitation  would  bo 
^IBMonable.  The  apparent  tremendous  velocity 
ijitjjIltt.'Oatbreak  could  then  t>e  explained  by  refennico 
(a  iha  accompanyinfi  dia- 
gram, Fig.  59.     I.et  (he  line 
of  ai^t  be  in  the  line  uf 
the  arrow  I,  AB  tlie  jihoiit- 

qtbere,  and  ab  the  trough  which  suddenly  arouscR 
fnuasion  beginning  at  a  and  prneectling  alnioet  im- 
iatcly  tofr.  The  lower  end,  a,  iolosl  In  the  glare  of 
B  photosphere,  and  the  proininenee  apiM-am  lo  rL«e 
'from  c  to  6  in  the  very  brief  lime  needed  to  exiend  to 
h  the  influence  of  the  tnmgh.  If  Ilie  line  of  si^^t 
bad  been  in  the  direction  uf  the  arrow  11  the  proini- 
nenoe  would  have  apiwarod  tletaehwl.  The  writer 
doesoot  venture  to  recommenrl  thi.s  xuggeslion  ver>' 

K    Professor  E.  Pring»heini '  hat  KuggestM)  an  oxplan- 

^atkm  of  these  enormous  olnwrved  prominence  veloei- 

tiw  thlt  i4>pean<  very  reasonable.     He  referm  to  ex- 

nta  of  J.  .Stark,  who  Viilh  found  Doppler  dis- 

lOts  of  the  order  of  magnitude  which  occur  in 

Phr«)k  dft  8onDo,"  Ldptic,  IVIO,  pp.  XO-'IB. 
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prominences,  wlien  observing  the  so-called 
rays,"  which  are  curious  electrical  discharges  ob- 
tained through  rare  gases  by  special  coutrivance. 
This  indicates  that  the  positively  charged  atoms, 
which  give  the  light,  may  travel  with  velocities  like 
those  which  appear  in  the  prominences,  when  forced 
by  ordinary  differences  of  electrical  potential  in  verj' 
rare  gases.  Pringsheim  then  draws  attention  to  the 
fact  that  the  comet  of  1843  passed  at  perihelion  within 
3'  or  4'  of  the  photosphere  (tV  the  solar  diameter) 
without  being  affected  by  the  resistance  of  the 
material  encountered.  This  proves  the  existence  of 
a  sufficient,  indeed,  of  an  extraordinary  degree  of 
vacuity  there.  It  i.^  uot  known  that  fiufl5cient 
variations  of  electrical  potential  exist  in  the  sun 'a 
neighborhood,  but  those  which  exist  in  the  earth's 
atmosphere  are  abundantly  sufficient  to  drive  elec- 
trons with  prominence-like  velocities  m  vacuum,  ac- 
cording to  Prhigsheim's  computations.  The  exist- 
ence of  similar  potential  gradients  near  the  stukJ 
seems  not  improbable,  I 

Julius's  explanation  of  prominences  through  anora^  " 
alous  dispersion  we  have  already  noted,  but  it 
requires  us  to  admit  the  propagation  of  disturbances 
to  the  apparent  tops  of  the  prominences,  and  to 
believe  that  the  gases  at  such  enormous  heights  are 
dense  enough  to  produce  appreciable  anomalous  re-_ 
fraction. 
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What  la  the  Corottaf 

Comete  pass  Uirough  the  cnmna  without  seiuiible 
relardAtion.  Hence,  ils  inattor,  wliother  it  bo  purely 
gasMim  or  partly  mpteoric  dust,  inuKt  br  verj'  rarp. 
Since  the  coroua  givon  the  Fmuuliufer  sptK-tnitn  m  its 
outer  part,  it  must  contain  reflecteil  photospheric 
li^t.  Its  substaocc  in  its  timor  part£  niay  well  be  hot 
enough,  by  virtue  of  proximity  to  the  sun,  to  give 
Ughl  of  incaiitle^trenre.  Its  form  suggests  the  auroral 
iitreamers,  aiid  inclin&s  one  to  thbik  that,  an  the  au- 
ronU  liglit  Is  of  electrical  lunnnescenee,  so  may  a  part 
of  ihe  coronal  light  bo.  An  the  aurora  K'ves  bright 
lines  in  its  spectrum,  so,  hLm,  doe^  the  coroua.  The 
propurtioriH  of  the  mixture  of  these  three  varieties 
in  coronal  radiation  b(  unknown,  but.  lu-cording  to 
bolometric  work,  the  mixture  gives  almost  the  same 
spectral  dwtribution  in  llie  inner  eonma  as  photo- 
t^beric  radiation.  This  suggests  that  light  of  lumi- 
nencence  and  of  reflection  together  predominate  over 
(Qcaodcacoacc. 

On  the  other  hand,  the  results  obtained  by  reprc- 
sentAtiveii  of  the  Lick  Observatory  at  several  erlipseH 
hmve  led  Campbell,  Perrine,  and  Lewis  t*)  exprcsw  Iho 
opinion  very  liefinitely  that  the  inner  corona  shines 
mainly  by  ordinary  incandeeicencp,  due  to  the  heating 
of  its  particles  on  account  of  the  aljsorption  by  them 
of  photospheric  radiation.  Neglecting  the  liolomctric 
results,  this  conclusion  would  be  perfectly  reasonable 
and  it  may  yet  prove  that  there  is  some  error  in  these 
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^H           latter  results  which  may  explain  the  discrepancgSH 
^H           Yet  the  conclitiotis  of  the  bolometric  work  at  Flint 
^H           Island  were  so  satisfactory,  and  the  observations  so 
^H           concordant,  that  this  seems  rather  improbable.    Per- 
^H           haps  some  new  line  of  explanation  may  suit  all 
^H           parties. 

^H               The  electrical  explanation  of  the  coronal  form  and 
^1            lirightness  Ls  receiving  much  attention.     Professor 
^H           Pringsheim  devotes  much  space  to  it  in  his  new  work. 
^H           ''Physik  der  Sonne."    In  a  recent  article,  however, 
^H           Professor  R.  W.  Wood'  has  .sought  to  explain  both 
^^M           the  polarization  and  light  emission  of  the  corona  as 
^H            the  effects  of  the  pas-sage  of  the  iwwerful  sun-rays 
^M           through  comparatively  cool  metallic  vapors,  thereby 
^H           exciting  fluorescent  light  in  them.     By  laboratory 
^H            experiments  with  light  so  excited  in  vapors  of  sodium, 
^H            potassium,  and  iodine,  he  finds  the  percentage  of  po- 
^H            larization  similar  to  that  in  the  corona.     He  states 
^1            that  the  spectrum  of  mixed  vapors  would  be  contin- 
^B            uous,  at  least  for  low  dispersion.     The  fluorescent 
^V            spectrum  is,  in  fact,  made  up  of  thousands  of  fine 
lines  arranged  in  groups  and  bands,  and  gives  no  re- 
semblance to  the  bright  line  spectra  of  the  same  ele- 
ments.    These  lines  he  so  closely  packed  as  probably 
to  escape  detection  with  low  dispersion  spectroscopes. 
Any  color  of  fluorescence  may  occur,  according  to  the 
kind  of  vapors  mixed,  and  their  proportions.    Wood 
thinks  it  quite  possible  that  the  coronal  green  line  is 

■  AnlrojAyskal  Jovriuil,  vol.  wtviii,  p.  75,  1908.                ^M 
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^^Bl  n  Imghl  liiR-  or  stinip  unknown  siibstant^,  bul 

^^Bb^r  a  y»t  unrrrufriiiztii  Iltion^MTiiL  line  frtim  sume 

^BSU'kiti>w^n  clement. 

Srh&berle  haa  long  maititaineil  a  mpchiuiiral  erup- 
tion theor>'  of  the  ciimnal  fonu.'  He  traees  back  the 
probable  courses  of  the  streanierSf  and  locates  ttiem 
in  centeni  of  eruption  on  the  sun's  <liKk.  His  views 
agree  well  witJi  the  hypt)the«i«  thai  I  lie  coronal  bright- 
twM  is  mainly  of  incandescence. 
The  caui§e  of  the  change  of  form  of  the  ctmma  with 

^Jjjfi  sun-fipot  cycle  is  unknown. 


fanee  of  Trmpertiturv. 


It  will  !)(■  noted  that  in  the  solar  hypothe«*(  we  are 
rernniniending  the  t^mi>erature  playc  a  most  promi- 
uoiil  part .  First  of  all,  the  existence  of  a  cloudy  pho- 
tosphere is  denied  because  tlie  temperature  of  the 
photosphere  is  shown  probably  to  reach  0,500°.  for  it 
itt  highly  improbable  that  M)lid»  or  liiiuidi^  ran  exi^tt  in 
Ruch  conditions.  Secondly,  the  presence  of  the  so- 
called  "granulations"  is  regarded  aw  evidence  of  dif- 
ferences of  temperature  in  the  radiating  gaa— dif- 
ferencew  which  would  naturally  be  expected  in  an  im- 
mense globe  of  gas  giving  ofT  Iremendoux  amounts  of 
radiation  from  i(.-<  surface,  and  known  to  present  irreg- 
ularities of  rotation  and  cyclonic  motion.>i  in  addition. 
Thirdly,  the  darkening  towards  the  hnib  \»  regarded 
jMimarily  as  a  temperature  effect,  secondarily  due  to 
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scattering.  Owiug  to  scattering,  Ibe  effective  radi- 
ating layer  must  necessarily  l)e  nearer  tlie  surface, 
and  lience  cooler,  at  tiie  limb  than  at  the  center  of  the 
disk.  We  say  it  must  be  nearer  the  surface:  For, 
travelling  obliquely,  a  ray  must  become  extinguished 
by  scattering  in  the  gas  at  the  limb,  before  it  reaches 
the  same  radial  depth  that  it  does  if  travelling  radi- 
ally at  the  center.  Fourtlily,  the  darkening  at  the 
limb  would  naturally  be  greater  for  violet  than  for 
red  rays,  firstly,  because  with  all  incandescent  bodies 
a  fall  of  temperature  causes  more  decrease  of  radiation 
for  short  rays  than  for  long;  and,  secondly,  because 
molecular  scattering  is  greater  for  violet  rays  than  for 
red,  and  hence  at  the  sun's  edge  the  effective  radiating 
layer  for  the  violet  will  be  moiv  near  the  surface  than 
will  that  for  the  red.  Fifthly,  the  Fraunhofer  lines  are 
regarded,  not  as  dark,  but  as  very  bright,  intrinsi- 
cally. They  only  appear  dark  because,  owing  to  pow- 
erful selective  absorption  of  the  gases  which  give  rise 
to  them,  they  cut  off  completely  the  light  from  be- 
hind, and  the  observer  sees  only  a  relatively  thin  and 
superficial  layer  of  the  sun,  when  viewing  it  by  the 
light  of  the  Fraunhofer  lines.  The  reversing  layer  is 
hence  colder,  and  its  radiation  less  intense  than  that 
of  the  continuous  spectrum  background  which  comes 
from  deeper  layers  of  the  sun.  Sixthly,  the  contrast 
of  the  Fraunhofer  lines  with  the  background  of  spec- 
trum decreases  as  our  view  approaches  the  edge  of 
the  sun's  disk,  because  the  Fraunhofer  line  region  is  so 
thin  and  superficial  that  its  temperature  is  nearly  the 
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aame  at  the  cdfiP  aa  at  the  center;  whrrea^  for  the 
oodUnuouii  spectrum  background,  the  cfTectivp  radi- 
ating layer  rapidly  appmarhes  the  sun's  surfiwe  as  we 
look  nearer  the  limb,  mid  hence  its  radiation  de- 
cccaMfi,  owing  to  the  fall  of  temperature. 

What  of  Sun-spolm  ! 

We  now  trace  the  importance  of  t<?mi>craturc  in  the 
explanation  of  »uD-sput  phcuonicnn.  In  Hoconlanoe 
with  the  Mount  Wilnon  observations  of  Hale,  Eller- 
mao.  and  St.  John,  we  may  regard  Hun-f*p<)tfi  as  vor- 
tices, and,  as  indicat«l  by  the  spectrum  work  of  Ever- 
ahed,  we  mtiNt  conclude  that  in  the  Fraunhofer  line 
ncjon  the  motion  along  the  spiral  is  fnim  within  out- 
ward. Wp  may  imagine  that  thf-w  vortices  an*  sim- 
ilar in  form  to  wfttor-s)K)ufs  iseen  at  sea,  with  the 
trumpet-shaped  part  at  the  top,  and  the  whirl  carry- 
ioK  matter  from  l>elow  outward.  In  ''uch  circum- 
stances there  would  !«■  a  great  cooling  of  the  gaseh, 
uwing  to  their  rapid  expansion  a.-*  they  approach  the 
limb.  This  cooling  (as  appears  from  the  discovery  of 
linesi  due  to  the  copiouH  presence  of  calcium  and  mag- 
nesium hydrides,  and  also  of  titanium  oxide  in  *\x\\- 
»pot  spectra;  carries  the  tenii>erature  down  to  per- 
haps 3,500°,  which  is  low  enough  for  the  formatiou  of 
liquids,  and  perhaps  some  solids. 

The«e  di'wimilar  substances,  by  their  friction  (pcr- 

bapt4  even  by  their  very  fonnatioii)  we  ctuppose  may 

give  rise  to  chargee  of  electricity,  which,  being  carried 

round  rapidly  in  the  stem  of  the  vortex,  produce  the 
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effect  of  currentfl  of  electricity  as  shown  by  Rowland. 
Hence  ibey  give  rise  to  the  magnetic  field,  which 
Hale  finds  l«  a  feature  of  a  .«iin-spot.  The  top  of  the 
vortex,  we  assume,  oorrespoads  in  le%-el  nearly  with 
the  upper  Fratinhofer  line  region.  There  the  cooled 
matter  ?pread.'<  out  some  distance  in  spirals  which 
grow  in  radiu'^  so  rapidly  a-s  to  be  almost  radial  to  the 
umbra.  As  there  is  no  longer  further  rise  and  expan- 
sion, at  length  the  matter  becomes  warmed,  by  con- 
tact, to  the  temperature  of  the  surroundings.  The 
Htem  of  the  vortex  L«  the  umbra  of  a  sun-spot,  the 
spreading  top  is  the  peaurabra. 

The  peculiarities  of  the  sun-spot  spectrum  and  the 
CEUses  of  these  peculiarilies  have  been  dealt  ftith  at 
considerable  length  in  Chapter  \'.  We  may  summar- 
ize them  as  the  peculiarities  attending,  (a)dimini!ihed 
temperature  an  compared  «-ith  the  photo!*phere,  (fc) 
the  action  of  strong  magnetic  fieUK  The  sun-spot 
sjieclruni  ha-s  been  shown  by  Hale  and  Adams  to  be 
(he  t\-pe  of  the  spectrum  of  the  red  stars.  Since  we 
now  know  that,  as  regards  the  characteristics  for 
which  this  comparison  holds,  the  sun-spot  spectrum 
results  from  the  mere  cooling  of  the  photospheric 
material,  this  relation  is  very  significant,  and  indi- 
cates distinctly  one  step  in  the  process  of  stellar  evo- 
lution.    We  shall  recur  to  this  in  Chapter  X. 

We  have  noted  particularly  in  Chapter  V  the  re- 
markable behavior  of  the  hydrogen  Unea  in  sun-spots. 
They  are  all  weakened,  and  the  shorter  wave-length 
lined  most  weakened,  as  compared  with  the  photo 
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^^(heric  hydrogen  tipectnim.  The  lines  of  other  ele- 
ments arc  generally  Htrengt  hciietl  in  spots.  This 
anomaly  seems  explainable  as  due  to  the  high  level  of 
hydrogen.  This  gas  ia  relatively  uiiaffected  in  posi- 
tion, and  in  fact,  as  St.  John  obserx'ed,  is  sucked  in- 
wanl  and  dnwnwanl  rather  than  whirled  outwani 
and  upward  by  the  cyclonic  motion  in  sun^tipotK. 
Henc*,  its  temperature  and  (in  consetiuence)  its  radi- 
ation is  rather  increased  than  lowered  by  the  presence 
of  ^mte.  The  continuous  spectrum  backgrouud 
agaiiuit  which  we  see  the  hydrogen  lineK  is,  however, 
woakened  in  spots,  and  thereby  the  contrast  of  the 
bydragea  lines  is  diminished.  In  other  words,  they 
are  weakened.  Owing  to  the  lower  tt>mperature,  the 
energy  spectrum,  that  is,  the  continuous  spectrum 
back4pT>und,  in  sun-si>ots  as  at  the  sun's  limb,  is 
weaker  in  the  violet  as  compared  with  the  red  than  is 
the  ordinary  solar  spectnim.  Thus,  in  spots,  the  radi- 
ation in  the  violet  liydnigrii  line?i  approaches  more 
nearly  the  brightness  of  the  spectnmi  background 
than  that  in  the  red  lines.  Hence,  the  comparatively 
greater  wcakcuiiig  of  the  shorter  wave-length  hydro- 
gea  sun-epot  Unex  follows. 

In  the  center  of  the  sun-spot  vtirtcx  there  \s  a  ten- 
dency to  form  a  vacuum.  Into  this  partial  void  is 
RUcked  the  jqiperincumbent  matter,  which  is  the  high- 
level  hydrogen  of  the  chromohpbero  and  prominences 
Hence  occurs  the  inwardly  direi-lpd  radial  motion  of 
thiiigas shown  by  the  HoftMK-lroheliognunsat  Moimt 
WiL-wm.  Between  the  Ha  level  ga.s,  which  is  going  in- 
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ward,  and  the  Fraunhofer  line  gases,  which  are  going 
outward,  there  must  exist  a  quiescent  region.  Hence, 
the  lower  level  hydrogen  and  the  Hj  and  Hj  cal- 
cium spectroheliograms  show  little  or  no  evidence  of 
stream  lines  or  other  phenomena  of  stream  motion. 
The  failure  of  Adams  to  discover  differences  in  the 
pressure  of  the  reversing  layer  over  sun-spots  may 
be  regarded  as  confirmatory  of  the  superficial  char- 
acter of  the  reversing  layer,  and  of  the  absence  of 
either  elevation  or  depression  in  the  general  sun-spot 
level. 

As  for  the  cause  of  the  formation  of  sun-spots,  that 
is  all  conjecture.  They  are  generally  preceded  by 
faculffi  and,  according  to  Fox,  by  eruptive  promi- 
nences. Perhaps  the  faculip.  which  on  our  temjiera- 
ture  hypothesis  we  regard  merely  as  regions  of  su- 
perior temperature,  may  be  formed  first,  owing  to  the 
presence  above  them  of  prominence  or  coronal  mat- 
ter. Such  formations  above  would  impede  radiation, 
and  hence  would  cause  the  regions  below  to  be  over- 
heated. Being  overheated,  they  would  tend  to  ex- 
pand, and  by  expaa«ion  would  cause  the  rise  of  ma- 
terial from  below,  owing  to  reduced  pressure  above. 
In  this  outflow  a  rotation  would  usually  be  set  up, 
just  as  in  the  escape  of  water  from  a  spout,  and  thus 
the  sun-spot  would  be  formed.  Once  formed  its 
vortical  motion  would  tend  to  continue,  and  would 
naturally  remain  for  considerable  time.  Hale  ha.s 
noticed  that  the  vortices  of  most  sun-spots  of  the_ 
southprn  hemisphere  go  in  one  direction  and  those  i| 
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the  nurthcni  in  the  opposite.  This  indeed  in  what 
would  be  exppoicKi  in  c^nwiquenre  of  the  different 
nten  of  rotation  of  the  sun  at  itiffen>nt  iHtJtiiden. 
But  it  would  atiM  be  expectctl  that  accidental  local 
circumstances,  irreBpective  nf  this  general  cau.«e, 
mif^t  somctimeR  determine  the  n>tati<m  in  opposite 
MOMS.    This  aiw  to  in  line  with  observation. 

A*  to  the  general  cause  of  the  periodical  changes  ( 1 ) 
at  the  form  of  the  eorrina,  (2)  of  the  areas  of  faculie 
and  (3)  of  the  "(un-spot  nuinl>ers,  these  also,  are  things 
w  yet  alt«Eether  uticiertain.  We  ha\'e  alreafly  noted 
HftlmV  theory  of  sun-ppot  periodicity  as  a  conse- 
quence of  internal  conditions.  Schuster  and  others 
hmvp  sii{areHt«<l  exterior  influences  as  the  operative 
cauftcs  of  the  periodicity.  For  inftant-c,  the  |H*ri<Klic 
returns  of  swarms  of  meteorilf^,  and  the  periodic 
returns  of  certain  phuietary  configurations  have  been 
men!  ioned. 

.\fl  for  the  variable  nites  of  mlar  mlation  at  dif- 
ferent latitudes  and  depth)<,  these  have  been  regarded 
by  WilsinR,  Sampson,  Wilcx>TisI;i,  and  Moult^n  as 
vestige*  of  some  ancient  actions  in  which  the  sun  fig- 
ured with  outside  celestial  bodies. 

SSupplie$  the  Solar  Energy  / 
ify  comes  the  greatest  problem  of  all:  What 
Hpi  the  solar  temperature  despite  the  xun'it 
Bi  kwaes  by  radiation?  These  loswii  stagger 
Sob  in  figUK>s.  At  00,000.000  mites  (145,000.- 
000  kHonwters)  the  average  radiation  is  about  two 
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calories  per  square  centimeter  per  minute. 

the  total  emission  of  the  sun  is  about 

22 
2  X  4  X  y  X  (14,500,000,000,000)'  calories  per  minute 

Ordinary  fires  of  coal  are  kept  up  by  the  combination 
of  carbon  with  oxygen.  Except  in  sun-spots  no  com- 
binations are  going  on  in  the  sun.  It  is  so  hot  there 
that  most  compounds  would  separate  into  their  ele- 
ments, instead  of  elements  uniting  with  the  evolution 
of  heat.  If  the  sun  had  no  continuous  supply  of  heat, 
but,  like  a  piece  of  metal  Ijing  on  the  blacksmith's 
anvil,  had  been  cooling  off,  there  would  have  been 
a  marked  decrease  of  the  earth's  temperature  within 
historical  times.  Geologists  show  that  the  earth  has 
not  varied  more  than  a  few  teas  of  degrees  from  the 
present  temperatures  for  probably  50,000,000  years. 
Indeed,  in  that  remote  past  the  earth's  temperature 
appears  to  have  been  a  little  higher  than  it  is  now. 
Assuming  that  the  sun  emitted  its  present  quota  of 
radiation  during  all  that  interval,  the  problem  of  its 
source  of  supply  has  been,  at  least  until  very  recently, 
insoluble.  Since  the  discovery  of  the  breaking  up  of 
radio-active  materials  to  produce  elements  of  lower 
atomic  weight  with  the  evolution  of  heat,  as  for  in- 
stance in  the  production  of  helium  from  radium,  per- 
haps no  such  difficulty  ought  to  be  regarded  as  in- 
superable. It  is  objected  that  radium  and  uranium 
lines  are  not  found  in  the  solar  spectrum.  We  have 
seen,  however,  that  the  lines  of  the  elements  grow 
more  and  more  feeble  as  the  atomic  weight  increases, « 
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and  that  llm  »eema  to  he  due  lu  tlic  fact  Ihul  the 
heavy  elemnntfl  lie  at  low  levels  in  the  sun.  Hence  it 
b  not  surpriiuiiK  that  uranium  (23K.o)  and  radiuin 
(226-'4)  should  not  show  spectrum  lines  even  if  (heM> 
elements  are  present  in  (he  nun.  Dr.  <J.  V.  liecker, 
however,  thinks  radium  and  uraiiium  to  be  elements 
which  form  only  at  temperatures  much  below  those 
of  the  sun.  At  all  events,  it  is  mure  satisfactory,  if 
poflBiblc,  to  account  for  the  solar  heat  by  known 
eiiUAee,  rather  than  t<i  invoke  radio-activity  of  un- 
ducovered  mutcriiils. 

There  are  certain  circumatanceH  of  geology  which 
may  indicate  a  diminished  radiation  of  the  sun  ui  an- 
cient times.  Although  palnL<4  used  to  flourish  in  the 
arctic  ztint»,  it  doow  not  appear  that  the  tropics  were 
then  much  hotter  if  any  than  now.  .Vs  Manwin  in- 
anUi,  this  unifoniiity  of  climate  fntm  the  poles  Ut  the 
e<iuAl«r  8eeni.-<  hard  to  reeoncilc  with  the  ])ri>senl 
xnnaldislribulinn  of  (j>m[>erature,  if  the  .-tun  were  then 
as  now  the  principal  source  of  heat,  and  its  effects 
then,  as  now,  zonally  distribute*!.  On  the  other 
baud,  there  i«  accunmlatine  evidence  that  glaciation 
has  occurred  more  than  once  over  great  regioiL-*  of  the 
tropics,  and  most  notably  in  the  Permo-Carbonifer- 
OUH  period.  In  that  remote  periotl,  far  antedating 
the  so-called  "glacial"  or  Plelst^icene  period  of  com- 
paratively recent  limes,  glaciation  prevailed  in  Aum 
tr&Iia.  Southern  Africa,.  Hindustan,  and  perhaps  in 
other  tropical  regiorL-*.  It  was  no  nu-ro  sporadic 
Alain-top  ufTair,  but  probably  ti  phenomenon  of 
■il'-i 
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more  imposing  extent  than  even  the  glaciation  of  the 
Pleistocene  Period.'  As  wiU  be  shown  in  the  next 
chapter  it  seems  very  difficult  to  see  how  such  a  sub- 
tropical glaciation  as  this  could  have  come  about  if  at 
that  time  the  sun's  output  was  substantially  as  great 
as  now.  It  does  not  help  us  to  suppose  that  the  poles 
of  the  earth  were  then  shifted  so  that  these  countries 
were  sub-arctic.  The  area  involved  Is  so  vast  that  the 
glaciation  would  still  extend  further  from  the  sup- 
posed pole  than  did  that  of  the  Pleistocene  period. 
Besides,  this  would  bring  one  pole  in  the  vicinity  of 
Mexico,  and  the  Permian  deposits  of  Texas  do  not 
justify  the  inference  of  a  polar  climate  there. 

It  seems  worth  considering  if  the  Permian  and  the 
still  earlier  tropical  glaciations  which  geologists  are 

■  Ai-conling  to  Chambprlin  and  Suiisbury  ["CipoloRy,"  volump  U, 
pages  6.36,  SM.  Heiir>'  Holl  &  Co.,  1906);  "Thr  known  I'prnio- 
CtLfbonifrroiu  gluci&Iion  of  .AuBlralia,  India,  and  Africa  is  found  in 
two  sonMi,  the  onn  north  and  the  ol.hrr  south  of  the  equatur.  In 
neither  lone  have  ihe  limits  of  glaciation  been  accurately  deteT- 
mined,  but  in  ihp  former  it  is  known  to  have  extended  from  latitude 
18°  to  about  35*  and  probably  still  further  north,  whilo  in  the  latter 
it  is  known  to  have  extended  from  latitude  21°  to  35°,  In  an 
equatorial  xone  nltout  40*  in  width  glaeiation  has  not  been  dis- 
covered. The  glariation  of  these  various  countries  hits  a  range  of 
about  130°  in  longitude.  Glaeiul  conditions  must  therefore  have 
prevailed  over  an  area,  or  at  least  about  the  borders  of  an  area  many 
times  us  large  as  that  eovered  by  ice  in  the  northern  hemisphere 
during  the  Pleistocene  glaeial  period."  Bpeaking  of  the  Australian 
glaciation  they  say:  "It  b  not  to  be  understood  that  the  phenom- 
ena here  deflcrilxvl  are  restricted  to  high  altitude;  rather  they  are 
known  chiefly  at  low  levels,  descending  in  some  places  neariy  to  the 
sea.  The  altitude  of  this  region  is  not  only  low  now,  but  it  was 
probably  low  during  the  glaciation  as  shown  by  the  relation  of  the 


glacial  deposit! 
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trocoguizing  aiid  aLsu  the  getierally  pruvuilinij 
irity  of  polar  and  equatorial  climates  in  early 
A  do  not   all   point  to  one  of  tho  following 
hypotheses: 

(A)  Perhaps  the  fiun  in  those  early  time?*  was  not 
so  nearly  exclusively  as  now  the  earth  "a  .«ouree  of  heat , 
and  the  earth  itself  still  retainetl  ma  much  heat  that  ittt 
life  *-Bui  practically  independent  of  the  8un  except  for 
light.  In  a  later  chapter  we  shall  fee  that  under 
other  favoring  cuitditioim  by  no  meamt  all  of  our  pres- 
ent light  supply  is  necessary  to  pnmiote  maximum 
plant  growth,  and  that  the  red  eiwl  of  the  spectrum, 
which  would  suffer  least  rtHiuction  hy  a  derrease  in 
the  solar  temi>eralure.  is  highly  efficient  for  plant 
growth.  PerhajiK,  then,  the  sun  ha»  bet^n  gradually 
growing  in  temjierature  and  emission,  and  in  the  Per- 
mian times  hati  not  then  Iwi-ume  the  practically  cx- 
i-luaive  source  of  heiit  U>  the  earth's  surface.  We 
may,  then,  briefly  consider  if  Permian  glariation  wan 
perhapH  due,  as  Manson  iias  auKgeaUtd,  lo  a  very  motl- 
crate  elevation  of  land  areas  within  a  region  of  a  still 
prevailing  low-lying  cloud  mantle,  wifli  accompany- 
ing snowy  precipitation,  The  great .  and  it  seems  to 
me  insupeTable,  difficulty  which  Ihis  hyp<ithesiH  en- 
counters is  to  explain  in  any  reasonable  way  how  the 
earth's  temperature  could  l>c  maintained  for  millionn 
of  years  without  depending  so  completely  on  the  sun 
lliflt  the  explanation  of  the  uniformity  of  climates 
failfl.  Furthermore  the  aridity  of  climate  indicated 
by  the  great  Pcniiian  deiKisits  of  salt  and  gypsum 
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does  not  speak  for  t  he  existence  of  a  thick  cloud  man- 
tle, Thetse  difficulties  will  be  further  discussed  in  the 
next  chapter. 

(B)  Perhaps  the  sun  in  very  ancient  times  had  not 
yet  altogether  condensed  to  a  pronounced  nucleus, 
but  still  existed  as  a  nebula  of  very  considerable  size, 
so  that  the  earth  was  illuminated  and  warmed  from 
all  directions,  or  fif  no  part  of  the  nebula  inclosed 
the  earth)  at  least  from  nearly  a  hemisphere.'  This 
of  course  would  promote  uniformity  of  temperatures 
from  the  equator  to  the  poles.  If  thus  receiving  ra- 
diation from  a  very  large  solid  angle,  the  intensity  of 
the  radiation  need  have  been  only  verj'  slight  indeed 
to  maintain  the  earth's  temperature.  Such  radiation 
might  l>e  furnished  by  a  cloud  of  small  particles  {not 
gases)  comprising  the  nebula.  Even  if  they  gave  no 
considerable  radiation  of  their  own,  they  would  re- 
flect that  of  the  hotter  solar  nucleus.  On  either  hy- 
pothesis (A)  or  (B)  the  radiation  of  the  ancient  sun, 
or  solar  nebula,  to  outside  space  may  have  been  con- 
siderably smaller  than  the  total  of  the  present  solar 
radiation. 

If  either  of  these  \'iews  or  a  combination  of  both  is 
acceptable,  it  relieves  the  problem  of  solar  radiation 
of  much  of  its  difficulty.  We  may  then  suppose  that 
50,000,000  years  ago  the  total  emission  of  solar  radi- 


'  Thia  suggestion  was  made  by  ChamberUn  iiIhduI  twelve  years 
ago.  In  Plate  XXVI,  Fig.  1,  U  shown  a  spiral  nebula  on  edge.  The 
bright  region  at  its  ecnter  is  swn  to  extend  out  of  the  plane  of  the 
Kpiral  so  as  to  fill  a  large  sphere. 
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lU  wait  coriskicrably  Uiw  than  I  lit'  present  emift- 
hion,  and  that  it  incrpaswl  slowly  for  ageis,  raachinK 
npproxiinat{>Iy  the  prtwi'iil  output  at  about  the  Pleis- 
tocene period,  which  was  perhaps  not  over  100,000 
years  a|^. 

Helraholtz  in  1853  proposed  a  source  of  solar  en- 
orgy  supply  which  is  everywhere  recognized  as  cer- 
tainly ver>'  considerable.  lie  pointed  out  ttiat  the 
shrinking  t/>Kether  of  the  sun  converts  [wlential  en- 
erg>*  of  position  into  heat,  just  as  the  falling  of  a 
»tone  converts  it«  potential  energy  of  poKitiou  finally 
into  beat.  Several  authors  have  mode  ooniputations 
of  the  quantity  nf  energy  which  would  \h-  available 
from  this  sounre.  Their  re8ulti<  have  generally  been 
based  on  the  ui^sumptiori  that  the  »un  was  originally 
a  nebula  filling  a  sphere  whose  diameter  wek  the  orbit 
of  Neptune.  It  api>ears  that  the  eundeiiwation  of 
^ch  a  nebula  having  the  mass  of  the  sim  would 
have  furnished  thus  far  about  2,1,000.000  tirnen  a» 
much  energy  as  the  sun  now  loses  each  year.  (This 
eetimate  is  based  on  a  "Solar  CVinstant"  of  2,0 
ealoriott  per  stiuare  centimeter  per  minute.) 

According  to  Hehnliottz's  view,  a  contraction  of 
about  250  feet  pex  year  in  the  sun's  diameter  would 
suffice  to  suHtain  the  present  solar  radiation.  At  this 
rate  it  would  require  about  10,000  years  to  rwlure 
the  ^iparent  diameter  of  the  sun  by  one  second  of 
•re,  »  that,  m  far  as  tolcacopic  observation  is  eon- 
eemed.  the  contraction  theory  is  tenable,  for  a  cliangn 
of  t'i  wcond  in  the  solar  diameter  is  unrecognizable. 
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From  calculations  of  Newcomb  the  sun  will  require  to 
have  shrunk  to  one  half  its  present  size  if  it  maintains 
its  present  rate  of  radiation  for  about  7,000,000  years 
longer.  As  shrinking  cannot  go  on  indefinitely,  nor 
can  the  supply  of  heat  from  this  cause  have  been  in- 
finitely great,  we  must,  from  this  point  of  view,  re- 
gard the  duration  of  life  depending  on  the  sun's  rays 
as  ha\ing  had  a  beginning  in  the  remote  past,  and  as 
tending  towards  an  end  at  some  remote  time  in  the 
future. 

There  has  been  much  question  in  recent  years 
whether  Helmholtz's  hj-pothesis  of  the  siui's  enei^' 
supply  is  adequate  to  account  for  the  duration  of  life 
upon  the  earth  revealed  by  the  geological  record. 
Joly  has  estimated  from  the  volume  and  salt  contents 
of  the  ocean,  compared  with  the  rates  of  discharge 
and  salinity  of  the  rivers,  that  the  earth's  geological 
age  is  about  80,000,000  years.  G.  F.  Becker  has  re- 
cently revised  the  calculations,  with  allowance  for  a 
more  rapid  discharge  of  salt  in  earlier  periods,  and 
finds  about  50,000,000  years.  On  the  other  hand, 
many  geologists  think  the  thickness  of  the  earth's 
deposited  strata  requires  us  to  admit  more  than  100,- 
000,000  years.  The  duration  of  the  sun's  radiation  at 
present  rate  of  output  apparently  cannot  have  been 
supplied  by  shrinking  alone  for  more  than  25,000,000 
years.  But,  as  has  been  said,  it  seems  plausible  that 
the  solar  radiation  was  formerly  less  considerable  than 
now.  If  so,  we  may  lengthen  several  fold  the  dura- 
tion of  the  supply  by  contraction  of  sufficient  soUi 


WHAT  Ifl  THE  SUN? 

iktiun  for  purposes  of  supporting  life  mi  (he  earth, 
leaving  the  question  '>f  the  earth'H  tt>iiif>crature  nuun- 
tetunco  under  the  supposed  circumstances  to  be  dis- 
otnwd  in  the  following  chapter.  On  thwse  ground)^  we 
tnsy  regard  HehnhoUz's  i-ontraction  h,viH>thesis  as 
adM]uate  to  satisfy  the  re(|uirenients  of  geologj'  and 
phynirff  in  reganl  to  the  rtnurce  of  the  Hun'e  energy. 
Whether  or  not  radio-aetive  proee*u*ej*  are,  or  have 
Ijeen,  conside-rable  sources  of  solar  energ)*  is  not  yet 
determined. 
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CHAPTER  Vn 

THE   SUN   AS  THE   EARTH's   SOURCE   OF   HEAT 

CauaoB  of  Low  Temperature  at  High  Allitudf*. — MeASurement  o( 
the  Int<^nHity  of  Sun  Rays. — Dependence  of  Solar  Radiation  on 
Air  Maas. — The  TraJianii«ion  ot  the  Atmosphere .^The  "Solar 
Constant  ot  Radiallon."— The  IJght  of  the  Sk>-.— The  T>f~ 
pendenee  o(  thi?  Earth's  Tempi-rature  on  Radialinn. — Flurtuation 
of  Solar  Emission. — Geological  Tpmporiiiiire?. 

Nearly  all  nf  the  heat  of  the  earth's  surface  comes 
(tircptly  from  the  sun's  rays.  The  heat  of  poal  and 
wood  anil  the  energy  of  water  power  and  wind,  from 
which  heat  may  be  derived,  are  Indirectly  the  effect 
of  solar  rays  either  of  present  or  past  times.  Occasion- 
ally a  person  is  met  with  whose  mind  works  so  curi- 
ously as  to  lead  him  to  deny  that  the  sun  is  hot.  Such 
an  one  almost  invariably  calls  attention  to  the  fact 
that  as  we  ascend  a  mountain,  or  are  carried  up  by  a 
balloon,  the  temperature  falls.  Thus,  although  we 
may  be  actually  approaching  the  sun,  the  heating 
effects  of  the  solar  rays  become  less  ob\'ious.  Of 
course  the  elevation  possible  for  man  to  attain  is  in- 
significant compared  with  the  radius  of  the  earth's 
orbit,  so  that  no  change  of  solar  radiation  ought  to  be 
appreciable  from  the  change  of  distance  to  the  sun 
involved  in  climbing  a  mountain.  But  a  consider- 
able increase  in  the  intensity  of  the  sun's  rays  att( 
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the  mere  a«CRmiing  aUivr  ihr  lowrr  dusty  part  nf  the 
ntnKM)>hrTo.  Henot*  Ibrm  w  wirni?  exvUM^  Tor  .siirpriM; 
at  the  di><Tri»»*t'  <>r  temiK'-rature  (ilirtprvp*!  at  hiRli  iilti- 
IucIm,  wliicti  (K-Turs  nittwith«taii(iinK  t-hp  iiK-n-aw  iti 
the  diivrt  ttulnr  radiation. 

One  secret  of  IhiH  purudox  lie^  in  the  ftu?t  that  llie 
Kun'K  rajTH  heat  ordy  objncts  which  abnorb  them. 
Highly  iranspjirenl  nhjwts  like  ^su^.  or  the  air,  do- 
rive  little  heat  by  bpiti(Enhined  upon ;  for  the  rays  pa«s 
thrvjuich  them  almost  tiiirhaiiRed.  .\b»f)rbitiK  «ub- 
xtaiiee^*  like  lamp-black,  on  the  other  hand,  almost 
entirely  denlniy  the  rays  and  convprt  their  enprjo'  of 
vibration  into  heat.  Upon  the  furface  of  the  eurth 
tlte  air  is  in  contact  witli  mich  an  abttorbing  substance, 
ruuiiely  the  fcnmiid,  and  is  wamiEHl  by  contact  with  it. 
■At  liigh  ultiltidcH  the  free  tiir  has  c^mtact  with  no  a)>- 
wrhini;  Kubstanc-e  lo  wunn  it,  and  ti»  it  tranHmits  nun 
ny»  with  grail  freedon\  it  derives  only  a  little  heat 
from  them  dirpctly.  It  contains,  niorwtver,  owme. 
carbon  dioxide,  and  witter  va]Mir  which  all  radiate 
freely  long-wave  rays  and  thu»  dissipate  to  space  the 
beat  gained.  C-onMcqiicnlly  the  high  air  i*  cold,  and 
cools  whatever  it  blows  u]Mjn.  Ilx  cooling  action  on 
the  Kurfarett  of  mniintiiins  is  greater  on  account  of  the 
high  wind)*  which  prevail. 

Rtsing  currents  warm  the  upper  air  teas  than  tbey 
would  do  but  for  the  derreaiw  of  atmoBpheric  deniuly 
wMdi  occurs  ttilh  increasing  idlitudcs.  For  the  air 
OirreatR  which  rise  fmni  the  heated  surface  of  the 
earth  expand  in  rising,  and  by  expansion  an*  wmic- 
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what  rfioled.  A  factor  of  considerable  infliierire  tend- 
ing to  cause  lower  temperatimis  on  elevated  iQltind 
table  land?>,  like  the  plat{>aii  of  Thibet,  is  the  compar- 
ative lack  of  water  vap<ir  in  the  air  above.  Ttn; 
water  evaporated  fnini  the  Indian  Ocean  can  hardly 
reach  the  plateau  of  Thibet  because  in  rising  through 
the  free  air  to  such  a  great  height  it  is"  so  much  cooled 
as  to  be  mostly  precipitateil,  Water  vapor,  while 
nearly  transparent  to  light,  and  indeed  to  perhaps 
eighty-five  per  cent  of  all  the  rays  which  the  sun 
sends,  is  on  the  other  hand  a  powerful  absorber  of  the 
rays  of  great  wave  length  which  are  emitted  by  a 
comparatively  cool  body  like  the  eartli.  Hence  at 
low  altitudes  where  water  vapor  is  plentiful  in  llie 
air,  it  is  a  considerable  hindrance  to  the  escape  of 
earth  rays  to  space.  In  the  comparative  lack  of  water 
vapor  at  high  altitudes  of  interior  regions  of  lai^ 
continents,  the  cooling  of  the  ground  by  radiation  to 
space  is  much  more  rapid  than  at  sea  level,  and  hence 
lower  temperatures  pre^-ail.  In  the  case  of  steep  and 
rough  mountains  the  configuration  of  the  ground  is  con- 
ducive to  low  temperatures  because  it  diminishes 
radiation  per  unit  area  received  from  the  sun,  wl 
increasing  the  area  affected  by  the  cooling  winds. 

We  may  therefore  attribute  the  coolness  of  the  free 
upper  air  to  its  transparency,  its  considerable  radi- 
ating capacity,  and  its  expansion;  the  coolness  of  the 
rugged  mountains  to  their  contours,  and  to  the  con- 
tact 01  the  cool  winds;  the  coolness  of  the  elevated 
inland  plateaas  to  the  dryness  of  the  air  above  thei 
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at  the  mine,  tmio  rpatgnmng  that  they  all  tltrec  are 
receiving  more  intense  rays  from  tlio  sun  than  is  the 
carthV  surface  in  general. 

MEASUREMENT    OF    TllE    INTENSITY      oy     SUN-KATS 

That  which  the  oun  scndH  to  the  earth  in  such  abun- 
dance u^cd  to  be  cunKi<lere(l  sin  thrco  iliMtinct  things, 
namely:  Actinic  or  chemical  rays;  Hght  or  visible 
rays;  heat  or  invisible  rays.  These  di»tiiictioRH  are 
now  known  l«  be  misleading,  for  the  rays  which  affect 
niudeni  photographic  pUitra  extend  in  the  Hpectnim 
(rum  far  beyond  the  farthest  violet  to  far  beyond  the 
fartboet  red,  an<i  the  rays  which  can  produce  heal  in- 
clude all  thews  and  many  more,  still  further  k-ymid 
the  red.  AH  rays  may  Ih*  totiilly  t ruiwfoniicil  to  pro- 
duce heat,  however  they  may  differ  in  (heir  effecl-s 
upon  the  eye.  or  on  different  ehcniical  sulMtanecM. 
AH  thpse  rays  travel  with  efpial  velocity  in  free  space, 
and  thi»  velocity  b  about  300,000  kilomct«rn  ( I8«,- 
(M.K)  miles)  per  second.  That  which  so  travels  iii  not 
a  malcrial  substance,  but  wavesf,  ximitar  in  Home  rc- 
8pi>ct8  to  the  wave-s  which  travel  on  water,  or  on  a 
utretehtnl  rope.  Tliat  which  dtstinftni'^hes  red  light 
from  blue  light  is  the  length  of  the  wave,  or  the  nuni- 
lier  of  c»miplete  waves  executed  per  second.  The 
wave  Icngtlis  of  visible  light  var\'  fn)m  about  O.IKMM 
millimeter  in  the  violet  to  0.UO07  millimeter  in  the 
red;  and  the  eorrettponding  numliers  of  vibrationa 
per  wH-nnd  from  T.^J!  In  430  million^  of  millions.  But 
e  have  been  recoRiiized  by  means  of  photography 
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nys  uf  irave  length  only  0.0001  milluneter  ■ 
[requeney  3,000.000,000,000.000.  Bv  deUcate  I 
uteaKunag  apparatus  rays  of  wave  length  0.06  mllfi*^ 
meter  and  froiuennr  5.000.000.000,000  have  been 
recognized.  All  thL<<,  and  perhaps  a  wider  range  of 
spectrum.  U  probalilv  included  in  the  son  beams  as 
they  leave  the  Hun,  but  our  atmusphere  prevmts 
some  of  the  shortest  and  longest  of  them  From  reach- 
ing the  surface  of  the  earth. 

Since  it  t^  upon  the  supply  of  these  sun  rays  that 
heat,  light,  power,  and  the  growth  of  all  lining  things 
upon  the  earth  depend.-^,  the  measurement  of  the  in- 
tensity of  the  total  supply,  and  the  determination  of 
the  different  varieties  which  compose  it.  are  of  first- « 
rate  interest  and  importance.  ■ 

We  measure  the  inten.-dty  of  solar  radiation  by  tbfl 
heat  which  it  will  produce  when  completely  absorbed 
on  a  surface  at  right  angles  to  the  rays.  ,\  conven- 
ient unit  for  measuring  Holar  heating  Is  the  calory  per 
square  centimeter  per  minute  (see  Chapter  II).  The 
raajcimum  inten.sity  of  solar  radiation  as  measured 
near  sea  level  at  Washington  when  the  sun  is  not  more 
than  4.5^  from  the  zenith  usually  ranges  from  1.15  to 
1.45  calories  per  square  centimeter  per  minute  on 
cloudless  days,  depending  on  the  clearness  and  dry- 
ness of  the  air.  At  Mount  Wilson  in  ("alifomia.  over 
one  mile  above  sea  level,  the  values  observed  range 
from  ).4n  to  \.G'2  calories;  and  nil  Mnuitt  Whitney  in 
('aliforniH.  neurly  three  miles  in  altitude,  the  ob- 
wrvc'il  values  reach  1.75  calories. 
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^HK  f^rS  AS  THE  EAUTII"S  SOURCE  OF  HEAT 

H  Fig.  flO  shows  the  march  of  inlensity  of  sun  rays 
^bring  the  forenoon  of  July  6, 1010,  on  Mount  WiUon. 
^be  horizontal  scale  gives  zenith  distances,  the  verti- 
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THE   SUN 

o'clock.     The  individual  observations  are  ^ven  in 
Table  XVII,  page  287. 

Formerly  radiation  was  regarded  as  three  dLstinct 
entities,  namely:  actinic  or  chemical  rays;  visible  or 
light  rays;  obscure  or  heat  rays.  As  already  stated 
this  view  is  an  error  now  generally  abandoned,  and  all, 
radiation  comprised  in  these  three  categories  is  rec- 
ognized as  of  the  same  fundamental  kind,  differing 
only  as  to  wave  length.  The  reader  will  therefore 
recognize  that  Table  XVIII  Is  not  intended  to  re- 
vive this  ancient  classification,  but  only  to  fix  our 
ideas  of  the  amount  of  solar  radiation  found  in  the 
refpons  (1)  where  ordinary  photographic  plates 
most  sensitive,  (2)  where  the  eye  is  the  most  sensitive' 
and  (3)  in  the  infra-red  spectrum.  These  facts  are 
given  for  the  beam  outside  the  earth's  atmosphere, 
and  as  it  reaches  Mount  Wilson  and  Washington 
under  different  angles  of  zenith  distance.  The  num- 
bers express  the  radiation,  within  the  stated  region* 
of  wave  length,  in  calories  per  square  centimeter  per 
minute.  The  zenith  distances  selected  are  0°,  GO",  70'^ 
32'  and  75°  32',  for  which  the  "air  masses"'  are  1,2, 
3,  and  4. 
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Dependence  of  Solar  Radiation  on  Air-mass 

It  is  not  possible  to  express  satisfactorily  the  de- 
crease of  uitensity  of  the  dii-ect  solar  beam,  depending 

'  The  "air-mass"  is  Ihe  ratio  of  thr  length  of  the  path  of  the  aun's 
rays  in  the  atmoephere  to  the  corresponding  length  if  the  aim  were 
vertically  overhead.    It  is  tloiely  expressed  by  the  aecajit  of  the 

lenith  diataoce  for  zenith  distanoes  lesa  than  7.5°. 
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THE  PIN  AS  Hit:  EARTH'S  SOl'RCK  OK  HEAT 

on  tho  (iM-ivaflinii;  elevatinn  of  the  nKst^rving  station. 
For  tho  lower  layers  of  the  air  contain  a  load  of  dust 
and  water  vapor  which  rhangcw  in  quantity,  ()uality, 
and  distribution  from  hour  to  hour  and  day  to  day. 
In  (ihort,  the  variation  of  the  solar  beam  in  the  tower 
atmoHphere  does  not  proceed  ficcordinK  to  any  fixed 
Uw  of  reUtioD  to  the  barometrie  pres<iure. 

.\s  for  the  change  of  the  intennity  of  the  direct  solar 
beaui  for  different  zenith  distances  (jf  the  sun,  that 
may  be  well  expressed  by  liouguer's  exijonential  for- 
tnulji.  e  ^  ca'"  ',  as  explained  in  Chapter  II.  pro- 
videtl  we  deal  with  honiogeneou.s  rays  (rays  which 
on?  practreally  of  one  wave  length),  and  observe  them 
at  u  sinKlc  station  on  a  clear  day.  If  we  imaKuiP  the 
atmosphere  to  be  made  up  of  a  groat  number  of  Hhells 
oonrentric  with  the  eart  h,  and  the  shelU  of  such  thick- 
uam  as  to  contribute  equal  amounts  to  the  barometric 
pranure,  each  of  the  upper  shells  will  transmit  to  the 
AeU  next  below  practically  an  uuchanging  fraction  of 
the  intensity  the  shell  i-ereives  of  a  homogeneous  ray. 
But  when  the  ray  nMiohe»  a  layer  within  one  or  two 
miles  of  sea  level  the  fraction  traasmitted  continually 
deereaam  from  shell  to  xhcU  owing  to  the  increwiog 
load  of  dust  carried  by  the  lower  layers. 

The  total  thickncMs  of  the  utmosphen*  neceiwary  to 
be  mnsidered  as  affecting  solar  ratliatiim  is  less  than 
one  hundred  miles,  and  is  w*  small  rnniparod  with  the 
earth *8  nuiius  tliat  the  shelU  may  l)e  regarded  a-*  prac- 
tically parallel  planes,  except  when  we  deal  with  lays 
entering  the  atmosphere  at,  verj-  gn-at  eenith  di-s- 
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tances.  Atmospheric  refraction,  loo,  niay  be  neg- 
lected in  these  computations  for  rays  whose  zenith 
distance  is  not  above  75°.  Hence  we  may  assume 
that  for  zenith  distances  less  than  75°  the  ratio  of  the 
length  of  the  path  of  the  ray  in  each  shell  to  the  thick- 
ness of  the  shell  is  constant,  and  equal  to  the  secant 
of  the  zenith  distance.  Under  these  restrictions  (as 
shown  in  Chapter  II)  the  exponential  formula  of 
Bouguer  serves  to  determine  the  intensity,  e,  of  mono- 
chromatic rays  at  different  zenith  distances,  even 
though  we  do  not  know  the  change  of  transmission 
from  layer  to  layer.  For  as  the  sun  rises  higher  and 
higher  the  thickne-s.s  in  every  layer  changes  in  the 
same  proportion.  In  thought  we  may  go  even  further, 
and,  with  the  sun  in  the  zenith,  imagine  tlmt  the 
thickness  in  every  layer  should  be  reduced  simultane- 
ously in  equal  proportions  until  no  air  remains.  In 
other  words,  we  can,  after  the  secant  reaches  its  min- 
imum value,  unity,  substitute  another  function  of  the 
quantity  of  air  in  each  shell,  which  we  imagine  to  be 
decreased  in  equal  proportion  in  all  layers  imtil  no 
more  atmosphere  is  left.  Thus  we  may  determine 
the  intensity,  e^,  which  our  monochromatic  ray  would 
have  outside  the  earth's  atmosphere. 

The  quantity,  a,  which  appears  in  the  formula,  is 
the  fraction  of  the  intensity  outside  the  earth's  at- 
mosphere which  remains  in  the  beam  as  it  reaches  the 
observer  at  the  earth's  surface.  This  quantity  is 
called  the  atmospheric  transmission  coefficient.  It 
differs  with  the  altitude  of  the  observer  and  the  clei 
390 


THE  SIN  AS  THE  EARTH'S  SOfRCE  OK  HEAT 

nen  uf  hi«  sky.  It  differn  also  for  rtiyH  of  different 
flolon;  iucroaHiig,  gcoerally,  as  we  pass  frum  abort 
wsve  Irnpjths  In  longer  ones.  There  are.  however,  cer- 
tain rays  wliich  suffer  ixiwt^rful  seli^ctivi!  absorption  in 
Um  BMM  and  vapors  of  the  earth'n  atmoi^phere,  and 
far  auch  rays  the  traiiHinlsnion  coetBoientK  art*  \*ery 
small.  Abton>tion  handi^  play  a  very  great  part  in 
the  rpd  and  infra-re*!  sixrtniin.  wlicn?  the  bands  of 
oxygen,  water  vapor,  and  carbon  dioxide  are  princijml- 
ly  found.  Thin  i»  made  clear  In  the  accompanying 
fihurtratiou.  Fig.  61,  which  showu  two  successive  oli- 
ser^'ation^  made  on  Mount  Wilson  by  the  bolometer 
of  the  ri'lative  iiitensily  of  the  rays  in  the  solar  ffXH'- 
truni  of  a  (Kf  flinl-nlaw  prism.  At  placen  marked  ' t he 
Kun  rays*  were  cut  off  «oa«  logive  the  base  Une,  or  line 
of  xero  radiation.  At  places  marked  t  'he  sun  rayi* 
werv  al(ere<l  in  intensity  no  as  to  keep  the  curve  within 
the  Umnds  of  the  plate.  The  heights  above  the  base 
line  are  proportional  to  the  energy  of  the  spectrum 
nys.  The  length  is  proportional  to  the  prismatic  dc- 
viatioD.  Fraunhofer  lines  whow  as  depressions  of  the 
cun'e.  Pmminent  Fraunhofer  lines  are  incjicatcd  by 
their  leltera.  These  energy  cur\'c«,  or  holograph*, 
were  made  on  Mount  Wilson  as  a  part  of  a  series  of  six 
such  curves  obtainini  at  <Ufferent  solar  zenith  di«- 
tances  in  a  single  forenoon,  They  were  made  to  de- 
tennine  the  transmission  of  the  atmosphere  at  alt 
parts  of  the  gpcctnuu.  From  such  obson-ationa  the 
diltribution  uf  solar  radiation  as  it  would  be  outside 
atmosphere  is  eompute<I.     We  have  studied  in 
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Clu|)tcr  III  (he  signilicancc  of  such  work  in  regurd 
I  the  buii'n  temperature. 
Vc  coulJ  not  determine  the  ioteiUKity  uut»idc  the 
pherc  if  the  traoHparenoy  of  the  atr  varied  much 
ing  the  several  hours  rwiuircd  to  complete  the 
H  of  bolographrt.  Fortunately  there  Is  the  follow- 
ing erituritm  for  the  excellence  of  any  given  day  in 
till*  re^ipect:  In  the  course  of  the  usual  reductions, 
logaritbmH  of  the  heights  above  the  hase-line  {corre- 
'j^KHiding  to  intensities  of  radiation  at  given  wave 
iength-x  are  plotted  uKainst  zenith  diJitancm.  The 
nmiltx  should  show  straight  lines.  Fig.  02,  p.  2fM, 
nfao«-x  how  well  thiw  test  iw  met  by  thp  Mount  Wilson 
romlitionM.  The  tanKHtit  of  thn  inclirialiiin  of  sueh 
linei*  gives  the  logarithm  of  the  traiismLssiou  at  ver- 
tical sun,  which  we  have  railed  a.  Values  of  a  for 
a  gi\'eD  wave  length  are  of  courw  greater  for  Mtmnl 
Wilson  than  for  Wa«hinglon.  By  dividing  the  aver- 
■^  Washington  values  by  those  for  Mount  Wilxun 
ve  obtain  the  average  transmission  of  the  mile  of  air 
neenwt  nea  level,  at  it  is  above  Washington.  We 
dull  see  in  the  following  tables  that  the  los^  in  [MUslrig 
Ultou^  thifl  lant  mile  of  the  air  Ih  atmmt  the  >tnine  as 
the  entire  loss  above  Mount  Wilson. 

Bougucr's  formula  is  not  exactly  applicable  to  pyr- 
heliometric  measurements  of  the  tobil  radiation  (or 
summation  of  all  rays  of  all  wave  lengths)  of  the  sun. 
It  fail»  because  rays  suffer  une<iual  cxtincticm  in  the 
■tmosphcre,  some  being  almost  completely  extin- 
gmafaed  in  the  uppej  air  owinK  to  the  action  of  water 
'J93 


vapor  and  ntlicr  selective  alj6orl>eiits.     Hence  for 
these  rays  the  iiitensaty  at  the  earth's  surface  does 
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not  alter  much  with  the  zenith  distance.    Neverthe- 
less the  exponential  formula  holds  approximately 
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for  total  radiation,  except  that  the  logarithmic 
plats  like  those  given  in  Fig.  62  are  slightly  curved, 
and  if  cuntttiued  on  in  straight  Unea  to  zcn)  atmos- 
pheric thickness  they  fall  below  the  real  intensity  of 
total  Bolar  radiation  outside  the  parth's  atmosphere, 
ae  obtaine<l  from  si>ectrum  obscrvatioiia.  Pouillet, 
however,  determined  transmission  coefficients  for  the 
total  sohu*  rathation,  and  was  thereby  led  to  his  cele- 
brated value  1.76  calories  per  square  centimeter  per 
minutt;  for  the  solar  constant  of  radiation.  Radau, 
lUkd  later  I^nglcy,  showed  clearly  that,  on  account  of 
the  difTerences  of  transmission  for  rays  of  different 
wavr  lengtlw,  we  nmst  observe  the  lransmi*iion  of 
each  color  by  itself,  and  determine  what  the  intensity 
of  each  separate  color  woiild  lie  outside  the  atmos- 
phere. Langley  first  applied  thw  procedure  experi- 
mentally. Following  his  method  we  may  sum  up  the 
area  included  under  the  solar  siiectnun  energj-  curve 
outside  the  earth's  atmosphere,  and  compare  it  with 
the  area  for  the  correttponding  crurvc  at  zero  zenith 
distance  of  the  sun.  Thus  we  may  find  the  actual 
vertical  tnuLsmlssion  of  the  atmosphere  for  the  total 
radiation.  Knowing  by  mejwurementu  of  the  pyr- 
heliometer  the  intensity  of  total  radiation  for  any  ob- 
KTved  zenith  distance  we  can  detejmine  how  many 
beat  units  the  area  of  the  corresponding  upectrum- 
energy  curve  represents.  Summing  up  in  similar 
terms  the  u«a  as  it  would  be  out.side  the  earth's  at- 
noq>here  we  may  obtain  the  true  "solar  constant." 
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Transmission  of  the  Atmosphere 

In  the  following  table  there  are  given  the  mean 

results  for  the  vertical  transmission  of  total  solar 

radiation,  according  to  observations  of  the  Astm- 

physical  Observatory  of  the  Smithsonian  Institution. 


Table  XIX. 

Plic. 

...^. 

sr; 

Mount 
Whitnay 

0.699 

0.817 

0.89G 

Apparent  trnnsmwsion      . . 

0,787 

0.894 

0.060 

Table  XX,  opposite,  gives  the  atmospheric  trans- 
mission for  vertical  rays,  and  for  the  zenith  distances 
whose  secants  are  two  and  three,  respectively,  for  rays 
of  various  wave  lengths.  I 


The  Solab  Constant  of  Radiation  I 

From  the  mean  results  of  the  Washington  observa-  | 
tions  of  1902  to  1907,  tlie  Mount  Wilson  observations 
of  1905  to  1910,  and  Mount  Whitney  observations  of 
1909, 1910,  all  corrected  to  the  absolute  scale  of  heat,' 
the  total  intensity  of  solar  radiation  outside  the  i 
earth's  atmosphere  at  the  earth's  mean  distance  from 
the  sun  (called  the  "solar  constant"  of  radiation), 

'  Valupfl  published  iu  Volume  II  of  the  Anruils  of  A%trophytiaii 
Observatory  of  the  Smithsonian  Instittttion  were  pven  on  a  pro- 
viaional  Beale  of  pyrht-liomctry  diHering  about  five  per  cent,  from  the 
true  one,  and  are  here  given  aa  reduced  to  true  culorioB. 


Puce 

w^.^„ 

Mount  Wi[»n 

Wt^J'Ky 

Date 

1902-1907 

1905 

1906 

1908 

1909 

1910 

1909 

1910 

ObservBtioDK. 

44 

5Q 

62 

113 

95 

2S 

1 

3 

Mcitnniilar 

1.960 

1.925 

1.921 

1.929 

t  896 

1.9U 

1-959 

1.936 

In  1909  and  1910  observations  were  made  simiU- 
taneously  on  Mount  Wilson  (plevation  one  mile)  and 
Mount  Whitney  (elevation  nearly  three  milef)  by 
Snuthsonian  observers,  with  the  following  results: 


Mount  Whitney . 


( 


We  see  that  notwithstanding  the  differences  in  al- 
titude of  the  observing  stations,  and  the  differences 
of  atmospheric  transmission  above  them,  there  is 
good  agreement  between  the  computed  values  of  the 
"solar  constant"  of  radiation.  Prior  to  1905  this 
quantity  was  in  great  doubt,  as  numbers  ranging 
from  1.76  to  4.10  had  been  given  for  it,  and  the  ac- 
cepted value  then  was  3.0.  The  opinion  now  seems  to 
prevail  that  no  considerable  change  from  the  Smith- 
sonian result  of  about  1.95  calories  per  square  c 
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per  minute  will  come  from  future  experiments 


ijl^aootber  way,  the  measurements  iodi- 
S  Umt  if  the  rnxn'^  rays  could  be  completely  em- 
plfiyinl  to  melt  ice  expowMl  continuously  to  them  at 
right  angles,  they  would  suffice  to  melt  a  layer  426 
feet  thick  in  a  year.'  Such  a  layer  at  the  earth's  mean 
dtittance,  if  it  entirely  fiumumded  the  nun,  would 
weigh  4  X  10"  (4  followed  by  25  eiphen*)  tons,  and 
the  complete  melting  of  it  each  year  would  represent 
a.*  many  heat  wuts  an  the  burning  of  4  x  10"  tomi 
of  anthracite  coal.  Thi.s.  then,  U  a  measure  of  the 
mn's  yearly  output  of  radiation. 

L  Tbe  Light  op  the  Sky 

^■It  roiwt  not  be  infem^i  from  the  tables  given  on 
a  preceding  page  that  only  8!. 7  per  cent  of  the  buu'b 
radiation  n^acbcs  tbe  Mount  Wilkin  level  ut  vertical 
sun.  Tlial,  to  Im*  sure,  is  the  average  re:«ult  for  the 
direct  Kolar  beam,  but  the  eky  supplies  on  appreciable 
addition  of  indirect  myii  even  on  Mount  WilM>n.  .\t 
sea  level  the  sky  light  is  a  still  more  cornqderable  por- 
tion of  the  total  raiUution,  but  a;*  yet  not  very  ex- 
actly measured.  The  relative  brightness  of  the  sun 
and  8ky  differs  greatly  accortUnK  to  the  manner  in 
which  the  ra>*H  are  receiveii.  Owinii  to  the  great  ex- 
tent of  the  xky.  it  is  not  possible,  when  rereiving  rays 

'  A*  ihf  fanli  lin..  (our  liitn-s  llii-  nn-»  cif  iu 
nylhal  (hr  nun'*  ruyiinm'A|mIiI>->irnH-lliii||ii 
«mnh  to  lui  arrraici'  ihirkni-m  nl  IIMl  .''>  I<vl  m 
i'J9 
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simultaneously  from  its  whole  extent,  to  have  thaa^ 
all  fall  at  right  angles  to  the  absorbing  surface. 
Hence  the  sky  light  is  at  a  disadvantage  with  respect 
to  sunlight,  unless  we  observe  the  brightness  from 
every  part  of  the  sky  by  itself  and  then  sum  up  the 
results.  From  bolometric  measurements  of  1905 
and  1906,  made  by  the  Smithsonian  observers,  and 
reduced  in  this  manner,  it  appears  that  the  total  sky 
radiation  on  Mount  Wilson  computed  at  normal  in- 
cidence, and  including  all  wave  lengths,  is  from  eleven 
to  twenty  per  cent  of  the  total  direct  sun  radiation. 
Both  sun  and  sky  rays  are  in  this  estimate  supposed 
to  be  received  at  right  angles  to  the  absorbing  .=iir- 
fai;e,  and  the  sun  to  be  not  over  50°  from  the  zenith. 
The  percentag&s  depend  on  the  clearness  of  the  sky, 
increasing  with  the  haziness.  If  we  make  the  as- 
sumption that  the  sky  shines  on  a  horizontal  surface, 
and  the  siui  upon  a  surface  normal  to  the  beam,  these 
percentages  become  5.2  and  7.7.  If  both  sun  and  sky 
rays  are  supposed  to  shine  on  a  horizontal  surface, 
the  ratio  varies  of  course  greatly  from  hour  to  hour. 
Professor  Exner  has  derived  formula*  for  the  rela- 
tive brightness  of  the  sun  and  sky  on  the  hypothesis 
that  the  sky  light  is  all  due  to  scattering  from  parti- 
cles which  are  small  as  compared  with  the  wave 
length  of  the  rays.'  He  has  found  it  necessary  to  make 
some  rather  rough  simplifying  assumptions.  Never- 
theless his  computations  fall  in  pretty  well  witli  such 

'  Sitsungsberichl.  d.     K    Aknd- •!.  Wiartn.,  Wifii.,  M.  N.  Klf 
CXVIII,  Ila,  tW)!!. 
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obtervttioiLs  as  are  available.  In  the  following 
taUet  taken  from  Kxhpt'k  publication,  z  is  the  zenith 
diBtanceof  thc)tiifi.  H  tlieintensity  of  skylight  and  S 
that  of  tfiinlight,  bnth  being  measured  on  a  horizontal 
surface.  At  normal  inridenoc  outside  the  atmos- 
phere the  intensity  of  sunlight  is  taken  a.s  unity.  The 
quantity  p  in  the  tranwrnisnion  coefficient  of  the 
AtnMiaphcro  above  the  observer  for  a  vertical  ray. 
From  fenithsonian  obseiratiotis  we  -see  that  p  =  0.6 
would  corTC»p<ind  to  wave  length  OA'-ift  (violet)  at 
WaabingtoD  0,35/t  (ultra-violet)  at  Mount  Wiloon. 
Cwrespondingly,  for/)  =  0,7.t  we  have  0.59;*  (yellow) 
at  Washington  and  OAlft  (violet)  at  Mount  Wilson. 


Table  XXI 

-^•iunlifhl  and  **j(  light.     (Emtr.) 
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p-O.Tft 

II 

8 

K+H 

H 

rr 

" 

« 

«+H 

w 

n»i 

II  nut 

0  iW 

OCM 

0  I3fi 

0032 

0  IWt 

0-M 

70* 

0M5 

0077 

0322 

o:tl 

(1  I3R 

II  14" 

C)'J» 

1  06 

11  \m 

0  \m 

0  72 

0  141 

kJ)>* 

0  259 

a  JRO 

0  .M)i 

1  i:> 

(I  IM 

0  «1R 

0  AM 

2  70 

Ek 

0  2fM 

I)  :wi 

()  lUtL' 

1  47 

0  IM 

0  n-2H 

0  <}7( 

3  SO 

*w 

0  276 

0  IV* 

I  75 

0  l.'>5 

D  esA 

0  7H 

«p 

0  2S1 

0  &*7 

0  82> 

I  \v, 

0  I.Vt 

0493 

0  Ml 

4  3H 

10" 

0  ■Si.'i 

0  382 

0  m; 

■i  (M 

0  100 

0  731 

OWl 

4  hi 

0* 

0  28H 

0  OOfl 

0  SKK 

2  08 

0  7fiO 

0  012 

463 

The  change  of  H  with  the  zenith  diHtance  of  the 
Kun  \»  not  an  great  in  thcw>  tables  m  it  should  be. 
This  appears  fn^ni  the  following  mea-surements  of 
Rowoe  for  which  we  may  asMume  ;*  =  O.tl. 

The  unit«  employed  by  Hot^eoe  are  not  the  same  an 
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Table  XXU.— SuniiffAi  a^  aky  light.     (Roseoe.) 


z 

80*9' 

70"  19' 

68' 46' 

47»  47' 

36' 61' 

25°  «' 

H 
S 

0.038 
0  000 

0.062 
0.023 

0  100 
0  052 

0,115 
0  100 

0,126 
0-136 

0  138 
0.231 

those  employed  by  Exner,  so  that  for  easier  compari- 
son the  results  of  Roscoe  may  be  multiplied  by  2  or 
2.5.  As  there  is  much  difference  for  different  days 
and  for  different  stations  in  results  of  this  kind,  Ex- 
ner's  computations  seem  to  be  near  enough  at  least 
for  giving  a  general  idea  of  the  state  of  affairs.  Indeed 
the  following  summary,  which  I  translate  from  Wies- 
ner's  description  of  his  photographic  observations  of 
light  received  on  horizontal  surfaces,'  fits  Exner's 
results  for  short  wave  lengths  very  well : 

"  The  direct  sunlight,  which  is  sometimes  twice  the 
intensity  of  diffused  light,  may  also  sink  to  zero. — 
For  solar  altitudes  less  than  19°  (z  =  71°)  the  chem- 
ical intensity  of  the  sunlight  as  compared  with  dif- 
fused daylight  is  negligible.  With  increasing  solar 
altitude  the  intensity  of  the  direct  sunlight  gains  in 
comparison  with  the  diffused  light.  The  solar  alti- 
tude for  which  S  =  H  seems  not  to  be  constant  even 
for  apparently  clear  sky,  and  for  one  and  the  same 
station.  For  cloudless  sun  the  etiuality  of  direct  and 
diffused  light  occurs  generally  when  the  solar  alti- 
tude is  about  57°  (2  =  33°),  yet  with  clear  sky  it  was 


'  Vienna  Acadtmy.     Denkxchriften,  Bd.  64, 
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observed  once  at  33**  (f  »  57").  Since  the  intensity 
of  the  direct  bcain  may  reacli  twice  that  of  the  dif- 
fuwd,  the  total  combined  chemical  effect  inay  be 
threefold  that  <)f  the  diPFiiwil  light." 

Exner  also  gives  com]>utatioiU4  of  tlie  relative 
•UDta  of  conibined  direct  and  diffused  light  receiv- 
able on  vertical  siirfaces  facing  r&spectively  South, 
North,  West.  Eant,  compared  with  the  amounts  re- 
ceived on  a  horizontal  siu^ace.  The  )«)uthem  expoR- 
ure  only  of  the  vertical  surface  ix  supposed  to  receive 
some  direct  sunlight,  designated  by  1.  V„  V„  V„ 
V,  designate  the  diffu«-Hi  illumination  of  the  vertical 
surface  toward  the  South,  North,  West,  and  East. 
S  and  H  have  their  former  meanings. 
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It  is  not  probable  that  the  indiience  of  the  direct 
sunlight  was  wholly  absent  in  Schramm's  V,  and  V, 
obMrvations.  Apart  fn^m  these  there  is  a  pretty 
good  agreement  of  obI*er^'efl  nnd  computed  results, 
I  the  following  sumrnar>'  also  indicates, 
3oa 
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I 
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Ratios  of  average  vertical  illumination  to  that  c 
the  North. 


a  +  Vs       Vn 

Vw 

Vs 
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Ohserved    . 
Computiyl 

7,B4 
6  01 

1  00 

I  00 

1  26 

0  94 

1,29 
I)  94 

2.80 

Exner  computes  from  p  =  0.6  antl  z  =  40°,  tl^ 
following:                                                                      , 

S+H 

S  +  Vh 

Vn 

Vw=Vb 

v_ 

S  +  H 

n? 

0.662 

0.480 

0.106 

0.120 

0.207 

3-2 

4.S 

As  we  have  stated  at  some  length  in  Chapter  ^ 
Schuster  ha.s  employed  Ijird  Rajieigh'si  theory  i 
the  scattering  of  light  by  particles  small  compared 
with  the  wave  lengths,  to  compute  the  transmission 
of  the  direct  beam  of  sunlight.  He  assumes  that  the 
loss  in  the  atmosphere  is  wholly  from  the  scatteri 
caused  by  the  molecules  of  the  air.  He  finds  cIoa6>^ 
agreement  between  the  computed  and  observed  re- 
sults for  excellently  clear  days  at  Mount  Wilson  and 
Washington.  This  seems  to  indicate  that  the  dust  _ 
load  of  the  atmosphere  plays  a  subordinate  part  i 
affecting  the  solar  radiation  on  the  best  days, 
that  under  such  conditioas  as  are  found  ordinarily* 
at  Mount  Wilson,  and  occasionally  at  Washington, 
nearly  all  the  light  of  the  sky  is  due  to  the  diffuse 
304 
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reflection  or  Hcattering  of  sun  raya  by  tlie  molecules 
of  air.  Somewhat  similar  (ronrtusions  have  been 
rpached  Rtill  more  rpoently  by  Natan>Mm,  except  that 
he  considers  the  matter  from  the  point  of  view  of  the 
electron  thwiry. 

The  ligJit  of  the  sky  i»  very  much  richer  in  the  vio- 
let ra)"?)  than  that  of  the  direct  solar  beam.  From 
SmithMinian  experimenl.s  the  following  values  are 
taken  for  liifTcrcnt  wave  lenjitlis,  assuming  alx>ut 
equal  intensities  in  the  extreme  red  for  a  Huntx^m 
and  a  skybeam,  and  giving  the  approximate  normal 
spectral  distribution  for  both  as  Qbspr\-ed  at  the  sur- 
face of  Mount  Wiliton. 


T»iL»  XXlV.Wiun  ami  ^  hghl.    fUiatUx  bnghtnt 
mm-  Unglhs  on  Monnl  WiUoH. 
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At  the  sea-level,  especially  in  citien  and  other  duxty 
localities,  the  proportion  of  blue  in  sky  light  l^  usu- 
ally much  less  than  that  given  alxive;  for  particles 
large  as  eompartxl  with  the  wave  length  of  light,  such 
as  ocrur  in  dust,  do  not  act  in  the  same  way  as  &maU 
particles  and  molecuhw.  Ijirge  particles,  by  refteot- 
ing  sunlight,  tend  rather  to  diminish  than  to  incraue 
the  relative  pro|>ortion  of  the  intensity  due  to  rays  of 
short  wave  length. 

Skylight  is.  Imghtest  near  the  sun  and  near  the  hori- 
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ion.  The  rc8ult»  shown  in  Table  XXV  nn  the  total 
radiation  are  from  holoniet.ric  measurements  at 
Mount  WiUon,  and  at  Flint  Ulutid,  a  coral  island 
in  the  Paci5c,  near  the  equator,  lying  400  miles 
nurthwent  of  Tahiti. 

TTic  measureiiipnts  are  reduced  as  if  the  sun  were 
in  the  zenith. 

.Summing  up  columns  (V)  and  (V[)  we  find  the 
average  brij^tnesK  of  a  portion  of  the  eky  equal  in 
angular  area  to  the  »un  an  comi>ared  with  the  bright- 
ness of  the  sun:  First  as  rerelved  on  a  surface  at 
right  unglpK  in  the  lieam  in  both  ea^es;  second  with 
tlw  skylight  received  on  a  horizontal  surface  an<l  the 
Kunlif^t  ret-eiveii  nontudly.  The  niea«urcinent»  in- 
rlude  nil  the  rays  transmissible  by  a  glass  plate  three 
millimeten*  thick.     The  resulUt  are  as  follows: 
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Thus  according  to  the*e  meaaurementa  (which  how- 
ever are  not  sufTiciently  numerous  or  exact)  at  wa 
level  the  sky  furnishes  to  a  horizontal  siu^ace  thirty- 

I)  per  cent  a»  much  radiation  as  the  direct  high  sun. 
1300  meters  elevation  only  7.2  per  cent. 
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TsK  Dependbnce  of  the  Earth's  Tempbeatube 
ON  Radiation 

The  temperature  of  the  earth  seems  to  be  main- 
tained at  present  almost  wholly  by  the  absorption  of 
solar  radiation.  It  is  thought  by  some  that  the 
earth's  temperature  is  rising  slowly.  If  so,  this 
would  indicate  that  the  sum  total  of  the  earth's  sup- 
plies of  heat  exceeds  its  losses.  But  this  change  of 
temperature,  if  real,  is  so  exceedingly  slow  that  we 
may  practically  say  that  the  earth's  heat  income  and 
heat  outgo  balance.  The  outgo,  neglecting  the  rela- 
tively trifling  effects  of  vegetable  anrl  other  (Storage 
processes,  is  made  up  wholly  of  the  earth's  radiation 
of  long-wave  rays  to  space.  It  has  been  shown  that 
the  absorptive  efTeets  of  atmospheric  water  vapor, 
carbonic  acid  and  ozone  combined  prevent  nearly 
or  quite  nine-tenths  of  the  rays  which  are  emitted 
at  the  earth's  surface  from  escaping  directly  to 
space. 

Hence  the  earth's  effective  radiating  layer  may  be 
regarded  as  situated  in  the  atmosphere,  and  as  being 
chiefly  the  water  vapor  layers  at  several  miles  ele- 
vation, whose  average  temperature  is  about  - — 10°  C, 
The  still  higher  situated  effective  radiating  layers  of 
carbonic  arid  and  ozone  gases,  whose  average  temper- 
atures reach  as  low  as  — 60°  C,  also  radiat«  freely  in  a 
few  limited  regions  of  spectrum.  We  shall  not  be 
far  astray,  therefore,  if  we  regard  the  average  tem- 
peratm^  of  the  earth's  radiating  layer  as  i 
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2G(r  i)f  the  absolute  oentigrmie  srale.'  The  nonstitu- 
pnt«  of  thin  nuliatinf?  layer,  iiuiiiely.  wat«r  vapor,  car- 
buuic  acid  and  ozone,  owing  to  their  powerful  selec- 
tively abuorbing  propt-rticH  for  rays  projwr  lo  lhi« 
t<yuperature,  must  also  !»  nearly  jjerfect  radiators 
for  the  same  teniperaturt'.  AdmittinK  that  their 
nuliatiog  power  is  perfcet,  tlic  eiiiission  of  the  as- 
}iume<i  radiating  layer  at  2lM)°  ('.  ahsolute  Is,  by 

^^tefui's  law  (see  Cliapter  II),  abuut  0.34  calories  per 

^feuarc  centimeter  per  minute. 

^r  In  order  to  wustain  thiw  averaip.'  rate  of  lo«s  of  h*at 
over  the  whole  nurfaee  of  the  earth,  solar  radiation, 
«hininR  effectively  over  oiJy  the  an-a  of  thi-  i-arth'ii 
cTDHs-section,  luuKt  lie  absorlK*d  at  four  limes  thi« 
nt«,  or  1.36  calories  per  smunre  centimeter  per  min- 
ute. Of  the  energy  rejiresented  by  the  <x)lar  eon- 
^tant  (1.95  ralories)  alxiut  thirty-live  per  cent  b*  re- 
flected away  areording  to  the  SinithMinian  detenni- 
nationortheearth's"an>edo."  The rrmaiiuler is  1.27 
calories,  and  nearly  suffices  to  furnish  the  heat  above 
e»mputed  a«  lost  from  the  earth.  Tim  difTerenre 
(0.00  caJories)  may  possibly  mean  that  an  appreciable 
quantity  of  heat  ij*  furnished  by  terrestrial  mjhtccw, 
such  a»  radio-active  processes.  Howi'ver  it  seems 
quite  reaflonnblc  to  suppose  that  the  difference  may 
lie  accimnt*ii  for  (1)  by  assuming  Ihnt  the  earth's 
effertive  radiating  layer  is  not  a  perfect  radiator,  eo 
that  its  radiation  falU  short  of  the  0.34  calories  per 
wjuare  cejitimeter  jier  minute  which  a  perfect  rsdi- 
■  Warn  frme*  bI  273'  of  tlii*  wain.  Mid  boiU  at  373*. 


THE  SUN 

ator  at  2f>fl'  C  abew>lut«  would  emit:  or  (2)  that  (I 
effective  radiating  temperature  is  bdow  260°  < 
abnolute. 

The  surface  temperature  of  the  earth  reaches  310" 
al^iolute  C.  in  the  tropics,  and  at  the  poles  falls  as 
low  as  220°,  and  its  effective  mean  temperature  is 
287.2°  absolute  C.  or  +  14.2  C.  It  exceeds  the  tem- 
perature of  the  radiating  layer  by  over  25°.  This  is 
in  lat^e  measure  for  the  same  reason  that  the  gar- 
dener's hot  beds,  or  the  steamfitter's  aslxstos-covered 
pipes,  exceed  the  temperature  of  their  surroundings. 
For  tlie  sun's  rays  shine  through  the  atmospheric 
vapors  readily,  and  warm  the  earth's  surface.  The 
eacape  of  ita  heat,  as  we  have  seen,  w  hindered  by  the 
atmosphere.  Hence  the  earth's  surface  temperature 
rises  sufficiently  to  force  a  flow  of  heat  out  to  the 
effective  ratUating  layer.  If  it  was  not  for  the  blank- 
eting effect  of  the  water  vapor  of  the  atmosphere,  the 
earth'a  mean  surface  temperature  would  probably  be 
nearly  20°  C.  below  freezing,  providing  the  reflecting 
power  of  the  earth  was  not  changed.  But  if  there 
was  no  water  vapor  in  our  air,  the  sun's  rays  would 
reach  the  earth's  surface  with  at  least  ten  per  cent 
greater  intensity  on  cloudless  days  than  they  do  now. 
Since  clouds  would  then  be  absent  there  would  be 
about  1.75  calories  instead  of  1.27  as  now  available 
to  warm  the  earth.  Consequently,  the  earth's  mean 
temperature,  if  water  was  absent,  would  be  about 
277°  absolute  or  +  4°  O.  But  there  would  then  fc 
a  much  greater  range  of  temperature  between  r 
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aiid  day  and  between  summer  and  winter  than  there 
ui  nuw. 

Upon  the  moon  tlien>  is  no  utmuppherc,  and  by  the 
obwrvations  of  Ix)rd  FlostJe,  of  btngley  and  of  Verj', 
the  moon'x  rtutUit  surface  failtt  from  about  the  tem- 
[lerature  of  boiling  water  nearly  to  that  of  liquid  air 
within  the  short  duration  of  a  total  lunar  ecUpoe. 
Quite  otherwi^^  is  the  state  of  affairK  on  the  earth. 
In  the  following  table  m  given  the  yearly  average  of 
the  daily  range  of  temperatures  which  occurs  at  sev- 
eral stations  on  the  earth. 
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Even  a  polar  night  of  five  months'  duratioD  in 
which  the  sun  li  continuously  below  the  horizon  pro- 
duce* no  such  range  of  temperature  on  the  earth  a«  a 
total  tunar  eclipse  of  a  few  hours'  duration  does  upon 
the  moon.  Witness  the  following  mean  temperatunv : 

^ForiCangrr.     LatittuU  %\' W .     Temprratttrr*  Cmlitradf. 
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These  examples  indicate  how  slowly  the  t^mperiitural 
of  the  earth  falls  towards  the  absolute  zero  when  the 
Bolar  radiation  is  utterly  cut  off.  The  delay  cannot 
be  attributed  to  the  influence  of  the  inner  heat  of  the 
earth.  From  the  rise  of  temperature  at  Increasing 
depths  in  the  earth  (about  1°  C.  in  28  meters)  taken 
in  connection  with  the  observed  conductivity  of  rock 
(about  0.0042  calories  per  second  per  centimeter  cube) 
it  is  calculated  that  the  heat  supplied  to  the  surface 
from  within  is  but  0.00010  calories  per  square  centi- 
meter per  minute,  which  would  suffice  to  keep  a  per- 
fect radiator  at  only  34°  absolute  (Centigrade)  tem- 
perature and  could  not  be  expected  to  keep  the  earth's 
surface  above  40°  absolute,  or  —233"  f.  Even  this  is 
far  above  what  the  moon  and  all  the  stars  combined 
could  do  to  supply  the  place  of  the  sun. 

The  following  table'  of  the  mean  monthly  tenii>er- 
atures  (Centigrade)  gives  some  idea  of  the  yearly 
ranges  of  temperatures  on  the  earth  at  various  sta- 
tions in  theNorthernHenusphere.  Several  pairsof  sta- 
tions at  nearly  the  same  latitude,  but  one  inland,  the 
other  oceanic,  are  contrasted  to  show  the  influence  of 
the  oceans  in  reducing  fluctuations  of  temperatures. 

The  reader  will  notice  how  much  smaller  are  the 
yearly  ranges  of  temperatures  for  oceanic  stations 
than  those  for  the  inland  stations.  It  is  also  appar- 
ent that  the  yearly  range  increases  with  the  latitude. 
This  is  due  in  part  to  the  growing  disparity  of  tJie 
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lonfefiHt  and  Hhortc^t  it&yK  at  higher  latitudai,  and  in 
pArt  to  the  mnre  mput  chniiKe  in  ttio  intf'iiKity  of 
illumination  with  chanffp  of  zpnith  distanre  of  the 
Run  at  high  latitudoK.  At  the  etguatur  the  thiyt  and 
ni^ta  are  always  ctjual.  and  the  secant  nf  the  zenith 
distance  of  tlic  noonday  !*un  vartew  only  from  1  to 
(1.917.  .\t  latitude  4.')"  N.  the  length  oi  day  varift* 
from  rijrfit  honr^,  thirty -four  minutes  to  fifteen  hourn, 
twenty-NX  minutCE*,  and  the  secant  of  the  noonday 
lenith  distance  from  0.it3()  lo  O.StW.  The  value  of 
the  secant  of  the  zenith  distance  influeneew  th«;  nwilt 
bi  two  ways,  first,  as  it  measures  the  length  of  the 
path  of  the  ray«  in  the  air.  second,  an  it  meaflurex 
tbnr  weakening  on  a  horisontal  surface  iu  conse- 
quence of  obliquity. 
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A  minor  infliienre  which  affects  the  yearly  ni! 
of  t.he  solar  radiation  l**  the  rhange  of  the  sxm's  dl*- 
tancc  from  the  earth.  This  causes  an  inereaie  of 
nearly  seven  per  cent  iu  the  earth's  heat  supply  from 
July  to  January;  and  combined  with  the  sun's  march 
in  declination  it  produces  two  maxima  and  two 
minima  of  radiation  in  the  tropics.  At  Bogoti 
temperature  maxima  occur  March  to  May  and  Oi 
tober  to  December — minima  August  to  Septemberj 
and  January,  all  occurring  a  little  after  the  coi 
ponding  maxima  and  minima  of  radiation. 

By  taking  the  three  factors  of  solar  distan< 
obliquity  and  the  daily  duration  of  sunlight  in1 
account,  fnrmulffi  have  bpcii  devised  for  eompul 
ing  the  "effective  insolation"  as  it  is  sometii 
called.  This  is  the  intensity  of  the  imiform  bei 
which  if  received  continuously  at  normal  incidence 
would  yield  an  equal  supply  of  radiation  to  that 
which  is  really  effective  on  a  horizontal  surface. 
In  such  computations  atmospheric  losses  are  usu- 
ally neglected,  but  on  the  other  hand  diffused  sky 
radiation  is  also  neglected.  We  may  also  imagine 
an  hypothetical  earth  equal  iu  size  and  similar  in 
motions  to  the  real  earth,  but  a  perfect  absorber  and 
radiator;  thin  as  an  egg  shell ;  perfectly  conducting 
of  heat  from  east  to  west,  but  perfectly  non-conduct- 
ing from  north  to  south.  The  temperature  of  such  a 
structure  can  be  computed  for  all  times  and  latitudes 
by  Stefan's  law  (see  Chapter  II).  When  such  com- 
puted temperatures  are  compared  with  those  actu- 
al I 
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ly  obscn'ed  on  the  earth,  it  U  found  that  no  real 
litinH  Hhow  aH  great  yearly  ranges  of  tenii)eratiirB 
thi!  corresiK)ntliiiR  hyiKjthftical  ones.  For  Tim- 
tu  and  some  other  dbsert  statioiiH  the  observed 
IRC  i»  over  half  the  computed.  For  average  inland 
lions  the  ratio  is  about  three-t^-nths;  for  average 
Lit  stations,  one-fifth;  for  iiveragt?  island  stations, 
twelfth;  at  Apia,  in  Samoa,  only  one  twenty- 
-h.  For  the  hyimthetical  earth  the  percentage 
,nge  of  absolute  letnperature  in  everywhere  one- 
rlh  of  the  jxrcentage  change  in  solar  radiation 
which  woulfl  cause  it. 

The  accompany ing  illustration.  Fig.  &'l,  gives  the 
march  of  the  "effeetivc  tnsolalirm"  at  Ihp  niirlh  hit- 
ideM  17°  40'  and  .'i''  10',  and  alj«i>  the  yearly  change 
temi>erature  at  Timbuctu  (10"  4!l'  N.J,  Port  au 
Prince(lK°:J4'N.),lJogoIa(4":il'latidJaluiH5''55'). 
The  curves  «how  how  nuich  tlie  effect  of  s<i!ar  change 
may  be  modifieil  by  hxral  rotulitioiis,  and  e^iieeiatly 
considerable  an^  the  delays  which  occur  at 
ic  stjition.s  between  wdar  caiisen  and  their  ter- 
I  teni[>eralure  efleet«.  Thus,  while  at  Tim- 
an  inland  station,  the  maximum  and  nunimum 
iperaturen  attend  cliwely  the  minuna  of  cffe<rtivo 
ilation.  they  are  so  far  delayet^l  that  the  maximum 
perature  »KTurs  thre<>  months  after  the  iruvilation 
ib(  uuucinmm  a(  St.  LouIk.  Seneganibia,  a  roai«t 
m  nearly  west  of  Timbiictu.  Such  facts  Khould 
<  eoiutideralioii  when  seeking  by  studying 
;ure  statistics  to  determine  if  fluctuations  of 
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radiation  probably  occur,  l^uiig  solar  periods 
the  eleven-year  sun-ttpot  period  nifly  be  expected 
to  affect  the  temperaturee  of  all  t^rrefitriiil  utations 
nearly  oimullaneotiHly.  Not  so  tenijiorary  solar 
changes  of  a  few  day»  or  months.  These  could  be 
expwted  to  .-ihow  their  influence  only  at  inland  sta- 
tions, and  pn-ferably  cloudleNH  ones.  The  lag  of  tem- 
perature niinimu  behind  the  inducing  solar  radiation 
minima  if  about  twenty  days  for  average  continental 
stations,  only  ten  days  for  particularly  favorable 
miea,  but  reaches  two  months  or  more  in  tlie  case  of 
nany  Latand  ones. 

FLUCTt'ATION  OK  SlU-AH  EMISSION 
XumerouH  attenipLs  have  Ijeen  made  to  neo  if  t«r- 
Rstnal  temperature^,  by  their  departure**  from  the 
normals,  indicate  fiuctuationtt  of  the  sun's  emisHion 
at  radiation.  Koppen  concluded  fn)m  Kuch  inventi- 
gationa,  published  in  1873,  1880,  and  1881,  that  the 
earth's  temperature  is  higher  at  sim-^npot  minimum 
than  at  aun-apot  maximmn.  This  concluxion  ]»  con- 
firmed by  Stone,  Gould,  Nordmann,  Ncwcorob, 
Abbot  and  Fowle,  .\rc4pu'Nki,  Bigelow,  and  othere. 
Taking  a  general  view  of  their  rcaulta  with  Ihoee  of 
Koppen,  we  may  conclude  that  for  a  change  of  100 
■un-spot  numbers  uf  Wolf's  scale,  which  is  about  the 
average  range  of  nun-npot  activity,  there  u  a  change 
of  the  mean  temperature  of  the  earth  of  about  0.7°  C. 
The  cause  of  thb  camiot  be  in  the  mere  darkening  of 
the  dwk  of  the  sun  by  the  area.t  covered  by  the  spotit, 

an 


for  if  they  were  perfectly  black  all  over  the  c 
solar  radiation  corresponding  t<)  100  sun-spot  niu 


1 


J  of  what  is  n 


I 


^        on 


essary  to  produce  the  observed  change  of  tern] 
lure.     There  must  therefore  be  other  changes  of  the 
sun  (or  possibly  in  the  earth's  atmosphere  or  in  the 
intervening  space),  as  yet  not  understood,  which  at- 
tend the  increase  of  sun  spots  and  which  exceed 
their  effective  reduction  of  solar  radiation  the  direct, 
influence  of  the  darkness  of  the  spots  themselve 
It  is  only  within  the  last  five  years  that  there 
been  direct  meaeurements  of  the  solar  radiation  suf- 
ficiently complete  and  accurate  to  show  whether 
there  are  frequent  changes  of  the  sun's  emission  suf- 
ficiently large  to  affect  the  earth's  temperature  notice- 
ably.    The  reader  might  be  inclined  to  suppose  that 
a  mere  analj'sis  of  the  deviations  from  normal  tem- 
peratures at  numerous  stations  would  be  sufficient  to 
prsictically  verify  or  disprove  frequent  variability 
of  the  sun.     Indeed  there  are  found  numerous  in- 
stances of   departures   from   normal    temperati 
which  seem  to  indicate  something  of  the  kind,  but  yet' 
the  evidence  of  different  localities  is  so  contradictoi 
and  confusing  that  careful  meteorologists  reserve 
opinion  on  the  matter.     Recently  the  idea  has  gaini 
some  adherents  that  a  few  per  cent  of  increase 
solar  radiation  during  a  period  of  several  months  ni 
not  necessarily  affect  the  temperatures  of  all  stations 
on  the  earth  in  the  same  direction,  but  might  make 
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le  wanner  and  others  cooler  temporarily,  »o  that 
the  effect  may  thiu*  be  obscured.  Thie  contradiction 
of  pffpcts,  aa  Ihene  observers  think,  may  Ih-  due  to 
chatif^  of  cloudiness  and  of  the  circulation  of  llic 
atmosphere.  Statistical  Ktiidie^  of  temperatures  by 
ArclowHki,  Bigelow,  and  otherx  supjwrt  the  view  that 
rtrlain  targe  regioiLs  are  on  the  whole  balanced  in 
their  temperature  changes,  ho  that  the  name  dit*- 
turbftuee  which  waniw  one  region,  cools  another,  as 
if  there  were  waves  of  effect  superposed  upon  the 
earth.  Apparently  the  met«)n»logical  condition  of 
the  earth  in  so  complicated  by  the  relative  configura^ 
lion  of  land  and  sca,  cloudy  and  clear  areati  and  hot 
ami  cold  regions  ihat  we  cannot  exi)ect  lo  determine 
ttolar  cbangpH  with  certjiinty  by  climatic  investiga- 
tioHH,  and  must  rather,  turning  the  matter  about, 
fintt  detennine  the  milar  chutines  by  <Urect  olwcrx'a- 
tions.  and  then  search  out  their  terrestrial  effeeL-i. 

I'p  to  lOtl.")  the  meanurementu  of  solar  radiation 
made  in  different  countries  by  different  invenligators 
were  HO  much  at  variance  aH  t*)  make  it  snem  highly 
unlikely  that  Hufficiently  accurate  knowledge  of  the 
solar  emission  could  be  obtained  to  lead  to  the  dii- 
covery  of  variability  of  the  sun.  But  the  SmilliMm- 
ian  o(>M>r\'atioitK  at  Washington,  Mount  Wilson,  and 
Mount  Whitney  a.H  given  on  a  previous  page  am  »o 
htf^y  eoncfjnlant,  and  seem  to  be  ho  pn)bubly  com- 
I>etcnt  lo  fix  the  intensity  of  the  solar  radiation  out- 
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flitctuatiotw  of  Holiir  radiation  if  they  exceed  one  [ 
cent  from  Itie  mean  value.  Heretofore  the  obsen 
tioHM  have  not  been  kept  up  continuoiwly,  but  4 
forl-H  are  fjejrig  made  to  remedy  this  defect  by  ( 
eHtubliMlniiciit  uf  one  or  tnon>  additional  "Holar  c 
stant"  observinn  HtiitinnK. 

From  nicawun-innils  of  the  Stiiithw)nian  observe™ 
on  Mount  Wilwm  during  «ix  nioutlw  of  each  of  the 
yean*  of  liK)5,  liKMi,  HMI8,  and  IWW,  a»  Riven  in  FIk- 
64,  it  iipiKiare  pnibablo  that  fliictuationH  of  the  Hun  at 
irmKuUir  interval*!  of  Bcvttrul  days,  and  Homelinien  of 
several  inoutbn,  are  not  unroninion.  Apparently  the 
uiiiplitudo  of  wurh  chunfft'it  rtumetin»w  rearheH  ten 
|xir  eent,  and  fcomn  frequently  to  reach  from  tlireo  to 
five  per  eerit.  Hut  notwitlmtjintling  that  the  reality 
(if  t,h«Me  ehanneH  it*  att.(»Ht^Hl  by  variouH  evidence!*, 
HUiih  an  the  continuity  of  a  chang<^  during  Meveral 
day»  of  coiifterutive  obwerving,  wliirh  the  reader  can 
see  for  hiniwlf  in  the  olmervatioiw  of  11108  and  1000, 
Fig.  Ii4|  and  the  fact  that  the  fluctuation  of  radiation 
de^HMiding  on  the  yearly  change  of  tlie  Holar  distance 
can  l>o  ooHJIy  recoKiuzed,'  though  it  amount*  to  but 
three  per  cent  during  the  six  mnnlhH  covered  by  the 
Mount  WiUin  work,  yet  the  Kuppcwd  Molar  variabil- 
ity can  hardly  be  waid  to  l>e  eoncluHJvely  whown  until 
another  station  a^  well  etpiipjwd  liM  Mount  Wilson 
KupportH  the  conchision  by  nimultaneouB  meosuj 
mentH. 

If  (Hu^aaioual  variations  of  ton,  or  oven  Bve,  ] 

■  Tlu-  vnliim  plnltnl  In  Fig.  M  uni  reduce]  (o 
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cent,  shall  l>e  found  to  exist  in  the  solar  radiation^" 
they  may  well  be  expected  to  produce  notieeable 
effects  on  the  earth's  climate.  We  have  seen  that  it 
is  difficult,  if  not  impossible,  to  seek  the  cause  from 
the  observed  climatic  effects,  owing  to  their  great 
complexity.  But  when  the  variations  of  the  sun 
become  accurately  observed,  and  thus  the  action  of 
the  cause  is  known,  the  tracing  of  the  climatic  effects 
will  be  a  matter  of  great  interest  and  importance. 
Indeed,  some  comparisons  of  temperature  statistics 
with  the  "solar  constant"  values  have  been  made  al- 
ready, and  indicate  a  probable  connection  between 
tlie  two.  But  much  more  work  is  needed  for  certainty. 
A  solar  change  of  five  per  cent  continued  for  six 
months  might  well  alter  the  mean  temperature  of 
inland  stations  by  2°  f '.,  or  3.6"  F.,  and  this  would 
make  the  difference  between  an  unusually  hot  and 
an  unusually  cold  season.  Its  Influence  in  t^mperat-e 
zones  on  the  length  of  seaiM>n  favorable  to  vegetable 
growth  would  be  very  noticeable,  as  will  be  more 
clearly  shown  in  the  following  chapter. 
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It  is  generally  believed  that  from  the  Cambrian 
the  Pleiocene  a  genial  climate  usually  prevailed  at 
the  poles,  and,  moreover,  without  evidences  of  ex- 
traordinarily high  temperatures  at  the  equator.  This 
state  of  affairs  seems  to  be  inconsistent  with  the  view 
that  the  sun  controlled  the  temperatures  then  in  thi 
same  manner  that  it  does  at  present. 
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^HOii  tho  other  haml,  (he  siili-tropica)  gliuriatioii  < 
^^ftirli  ititemipted  thi»  comlilion  of  unifonn  tPinp«r- 
atunw  diiritix  tilt-  Pcrniiaii  jKritMl  stwniH  inconKiMtcnl 
with  the  prtw».'nt  vuluu  of  tin-  wjlar  L-oiistant  of  riulia- 
tion.  If  the  constant  is  two  caloriw*  i»er  )<quare  cen- 
tunetcr  per  niiiml*',  the  avf^mKo '  insolation  per 
ifqiiarc  centimeter  per  minute  in  latitude  28"  is  U.^S 
calories.  The  largest  pi»wihle  part  of  thin  supply 
would  be  lo8t  for  purposes  of  heating  if  the  earth  was 
completely  cloudy.  Aecording  to  observation.**  of 
Smithsonian  olMcrv'erM  this  imiximum  possible  Ioah. 
al  thi*  tfiypirn!  latitude  of  high  aitn,  would  be  less  than 
Iwty-twn  per  cent,  leaving  at  least  O..Ti  cuIorieK  al>- 
turiMH).  This  remainder  would  mtiiiitain  »  perfect 
radiator  at  254.;!"  absolute'  Centigrade,  or  —  IH.7  t'. 
If  the  radiating  layer  wen>  not  p(>rfeetly  "black"  it 
would  have  a  higher  tempcmture  than  thij<,  and  any 
contribution  of  heat  from  the  earth's  interii)r  would 
afcw  lend  to  raiw  it«  temperature.  Under  the  per- 
fectly cloudy  condition  we  are  coa-qdering,  the  upper 
part  of  the  cloud  layer  would  abnorb  most  of  the  ab- 
sorbable radiation  from  the  xun,  but  its  own  outward 
ratlialion  wouM  Iw  rRstrained,  then  an  now,  hy  the 
water  vapor.  eiU'l>on  dioxide  and  ozone  lying  higher. 
.\crordingly  there  would  be  a  "blanket"  or  "hot- 
houMi"  effof^t  Kimilar  to  tlml  which  now  exutUt,  and 
which  now  raises  the  surface  t^'mperature  of  the 
earth  nearly  30°  ('.  ab(.>vo  the  tpmi)erature  of  the 

■  Spt-  ,ii>*Ti|iii(in  ijiintnl  niTU-  ihi-  mil  «f  rhapti-r  V\ 
'Fbr  ni|[h[  mwI  tiny  (or  ilii-  wlutki  yt%r. 
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radiatii^  layer.  Hence  we  may  suppose  tlial  the 
upper  layer  of  the  clouds  would  also  have  been  nearly 
30°  ('.  above  the  temperature  (  -  18.7)  which  has  just 
been  computed  for  a  iwrfectly  radiating  layer,  mak- 
ii^  the  cloud  temperature  about  +  10"  C.  Accord- 
ing to  Kirchhoff's  law  the  earth  within  such  a  mantle 
would  also  be  at  the  same  temperature,  or  higher  if 
warmed  at  all  by  internal  heating.  Thus  it  seems 
unlikely  that  a  perfectly  cloudy  earth  could  have 
been  glaciated  at  latitude  28°  while  a  solar  constant 
of  2.0  calories  prevailed.  If  the  earth  wan  not  per- 
fectly cloudy  the  conditions  would  have  been  less 
favorable  for  glaciation  and  more  like  those  of  the 
present  time.'  The  matter  of  Permian  tropical  glaci- 
ation is  still  raore  perplexiiig  wlien  we  consider  thai 
there  waa  no  glaciation  simultaneously  in  temperate 
and  polar  regions. 

Reverting  now  to  the  hypothesis  called  (A)  in 
Chapter  VI:  If  in  Permian  times  and  still  earlier  the 
eiolar  radiation  alone  was  far  too  little  to  maintain  the 
surface  of  the  earth  or  its  clouds  above  freezing,  then 
glacial  conditions  would  have  been  produced  in  those 
times  by  a  very  moderate  rise  of  land  level.  For  sup- 
posing conduction  from  within  and  radio-activity  to 
have  been  considerable  sources  of  earth  heat,  and  the 
outer  layers  of  the  clouds  not  greatly  warmed  by  the 
sun,  the  thickness  of  the  water  vapor  bearing  stratum 
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■  The  preceding  argument  does  not  tend  to  show  thai  high  tropical 
s  might  not  be  glaciated.    The  reaaonB  for  cold  t^'mpero- 
n  high  inountaina  liove  already  been  explained. 
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uld  have  been  much  less  then  than  iiuw.  ."iiice  the 
temperature  Rradipnt  of  thr  almosphpn* 
would  have  bwn  fur  nion-  mpiil,  AcTonlinRly  ii 
much  lesN  decree  nf  HevuMon  than  now  would  Huthce 
l<i  reacli  IcveU  of  comparatively  free  radiation  to 
KfMire.  and  air  currents  cold  enough  to  caa-^e  tinow. 

On  this  hypothe:8itt  we  may  reprenent  the  et>ntribu- 
ton,'  influences  which  maintuned  the  terrestrial  cU- 
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male  in  KeoloRie  time  by  the  accompanyioR  Kig.  G.'i. 
The  upper  carved  line  indicates  the  earth's  tempera- 
ture, the  lower  curved  linp  what  it  would  have  been 
if  the  sun  had  been  the  sole  contributor  of  heat  to  the 
earth.  No  attempt  Ik  made  to  draw  the  figure  to 
.scale  either  in  lime  or  temperature,  but  otily  to  illu»- 
trate  the  idea  proiMwed. 

The  grave  difficulty  witii  our  hypothesis  of  u  low 

intenifity  of  oolar  radiation  in  early  genlogical  periodii 

»  of  coutw  the  quoKtiori  how  the  earth's  surface  tcm- 
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ppratiire  wa.s  gpnerally  maintained  above  freezia 
We  do  not,  to  b«  sure,  argue  that  no  heat  at  all  ca: 
from  the  sun,  but  only  that,  while  increasing,  it  had 
not  in  Permian  times  reached  perhaps  threo-fourths 
its  present  intensity.  No  difficulty  arises  in  sup- 
posing that  til  the  very  earliest  geological  times  the 
earth's  own  heat  sufficed  completely  to  maintain  its 
surface  temperature.  The  difficulty  lies  in  supposing 
that  the  earth  could  have  still  contributed  appreci- 
ably after  tlie  enormous  lapse  of  ages,  estimated 
roughly  at  ."lO.OOOjOOO  years,  to  Permian  times.  This 
difficulty  appears  to  me  insuperable. 

We  will  turn  now  to  hypothesis  (B)  stated  in  Chap- 
ter VI.'  Accordingjo  Laplace's  theory  of  the  origin 
of  the  solar  system  we  are  to  suppose  that  wlien  the 
earth  was  formed  the  sun  was  expanded  so  as  almost. 
to  fill  the  orbit  of  the  earth.  Other  nebular  hypothe- 
ses recognize  the  probable  existence  of  much  meteoric 
nebulosity  in  the  solar  system  at  tliat  epoch.  It  is  to 
be  supposed  that  at  that  stage  the  sun  itself  was  a 
combined  structure  of  nebulosity  and  condensation, 
such  perhaps  as  we  see  in  the  Pleiades  stars  (see 
Plate  XIX),  and  was  not  spherical,  but  stili  its 
polar  diameter  was  very  much  greater  than  now. 
Under  such  circumstances  the  sun,  with  its  outlying 
appendages,  as  viewed  from  the  earth  would  sub- 
tend a  great  part  of  a  hemisphere,  so  that  its  rays 
would  be  nearly  equally  diflfused  all  over  the  earth's 
surface.     Such  a  state  of  affairs  would  have  pro- 
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iiiottHl    the    uiiifurniity   of    temperatures    we   have 
it!rea«ly  tiotcH). 

Besides  this,  the  inteaiity  of  the  sun's  rodiatmn 
mtiflt  have  l>een  very  ntnall;  for  otherwise,  coming 
from  80  \nr^  an  angle,  it  would  have  mrlt«d  the 
earth.  If  the  ray.t  come  to  the  earth  from  a  hemi- 
sphere, and  the  »un  tlieji  filled  the  ejirthV  orbit,  the 
total  output  of  the  sun  to  space  need  not  have  ex- 
ceeded half  its  prcHcnt  amovmt.  Thus  our  hypothe- 
Bi«  may  rcleajso  us  frum  the  difliculty  of  undtnttaiiditig 
how  the  sun  could  have  raiiiated  so  long  without  the 
tem[)erature  of  the  earth  sliowirig  marked  change. 
For  in  ewly  times  we  imagine  the  scilar  radiation  of 
Very  nlighl  intensity,  but  the  angle  sulitendwl  by  the 
Mun  VGr>*  large.  With  incn'iuiing  solar  density  the 
angle  diminishotl.  but  the  output  of  solar  radiation 
increaHod.  We  may  even  supiH>se  coiiHiderable  neb- 
ulosity existed  all  about  the  earth,  and  that  this  neb- 
ulosity, by  reflcoting  solar  rays,  and  by  sending  some 
long  wave  raya  of  its  own,  holiwd  to  diminish  the 
rigor  of  the  demands  which  geology  induces  us  to 
make  on  the  sun  in  aneient  times.  Hence  our  hypo- 
thesis (B)  rcUeveM  U3  of  the  difficulty  of  the  problem 
of  the  supply  of  solar  energy  <lunng  the  enormous 
lapse  of  geological  time. 

An  regards  the  possibility  nf  tropical  glaciation: 
We  may  supixise  that  the  full  maintenance  of  ordi- 
nary' temperatures  reijuired  fonneily,  a»  it  does  now, 
the  CfKjperation  of  the  blanketing  effert  of  the  water 
vaporof  the  earth's  atmosphere:  and  that  in  addition 
3^  3V' 
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to  tliLs  tlie  earth's  internal  sources  of  heat  were  thel 
of  some  appreciable  importance  in  maintaining  its" 
surface  temperature.  The  earlier  the  period  we  con- 
sider, the  greater  we  may  suppose  the  contribution 
of  the  earth's  own  heat,  and  the  less  the  requirement 
of  the  sun.  But  we  may  assume  that  all  three  fac- 
tors, solar  radiation,  terrestrial  conduction  and  the 
blanketing  effect  of  the  earth's  atmosphere  were  re- 
quired to  maintain  genial  temperatures  in  the  Per- 
mian period.  As  we  have  assumed  that  solar  radia- 
tion was  nearly  unifornily  distributed  over  the  earth's 
surface,  because  of  the  large  angle  subtended  by  the 
sun  and  of  the  reflection  of  radiation  by  still  existing 
outlying  nebidosity  about  the  earth,  glaciation  at  the 
tropics  was  accordingly  no  more  difficult  to  bring  on 
then  than  glaciation  elsewhere.  Hence,  a  regional  ele- 
vation of  land  areas,  or  any  other  moans  of  biinging 
about  a  reduction  of  the  efficiency  of  the  atmosphere 
m  a  blanket,  In  any  locality,  would  have  produced 
local  glaciation.  Snow  and  ice  once  formed,  would 
help  to  perpetuate  themselves  by  their  high  reflecting 
power. 

There  are  several  ways  in  which  the  efficiency  of 
the  atmospliere  as  a  blanket  may  be  altered.  One  of 
these  is  by  a  considerable  reduction  of  the  atmos- 
pheric humidity,  and  this,  though  somewhat  unfav- 
orable to  great  rainfall,  would  still  be  in  fine  with  the 
known  pronounced  aridity  of  the  Permian  period. 
But  decreased  humidity  generally  brings  with  it  de- 
creased cloudiness,  which  permits  more  solar  ra( 
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alion  Ui  bo  rcceivod,  and  thereby  t^iids  to  raiso  iii- 
Hteiul  of  depre**  temperatures.  Henre  it  may  be 
that  we  are  to  look  for  the  KUppoHed  n^gioiial  altera- 
tion of  temperature  rather  in  a  considerable  increase 
(if  cloudinew,  duo  to  change  in  the  n-lativo  arrange- 
ment uf  land  and  oceans. 

But,  in  whichever  of  the  several  ways  suggested, 
or  in  «till  others,  the  loeal  decrease  of  temperature 
mii^it  have  been  brought  about,  the  hypothesis  (B) 
is  e\'idently  highly  favorable  to  the  explanation  of 
tropical  giftcintion,  since  it  niakw*  it  just  sis  ciwy  to 
produce  ancient  glaciatioa'*  in  the  tropics  as  in  [wlar 
regions,  Wlicn  the  I'lei^tcK-eiie  imtiihI  arrivetl  we 
attnune  tliat  the  sun  had  so  fur  shrunk  that  its  !nflu> 
OBCO  WW*  then,  as  now,  Konal.  We  may  further  su|>- 
poiK,  if  we  chtxise,  that  the  sun's  radiation  was  luw 
then  than  now,  ami  that  thi»  combined  with  other 
cau.<w»  to  produre  the  PIpistiMvne  glaetation.  It  It 
well  known  that  one  of  Ihotw.'  causes  was  a  consider- 
able elevation  of  the  glaciated  an>as. 

Our  hypothesis  (B)  seems  to  relieve  un  at  once  of 
three  formidable  diffirulti(*s,  and  enables  us  to  under- 
stand: I.  How  the  sun  lias  continued  to  suflice  for 
icmsstrial  nee<U  I hn)ughoul  geological  time.  2.  Why 
earlier  gonlugical  ]>erioilM  were  chanu^terizod  by  uni- 
formity of  climate  irrespective  of  latitude.  (3)  How 
it  was  poKtible  to  have  tmpic^  gia<riation  at  all  dur- 
ing the  P(?niiian  and  earlier  epochs;  but  especially 
without  evidence  of  simultjuiwius  overwhelming  (da- 
rtalion  over  all  tlie  temiM-ratc  and  jwlar  zones  of  the 
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earth.  Unfortunately  the  most  favoring  foimdation 
of  hypothesis  (B),  namely,  the  Laplacian  nebular 
hypothesis,  is  now  strongly  attacked  on  dynamical 
grounds,  as  we  shall  see  in  Chapter  X.  The  substi- 
tute proposed  by  Chamberlin  and  Moulton  seems 
less  adapted  to  the  line  of  explanation  just  given. 
For  it  leaves  little  opportunity  for  the  development 
of  solar  heat  by  contraction,  and  besides  does  not 
permit  us  to  assume  so  widely  spread  sources  of  the 
earth's  supply  of  radiation  in  ancient  times.  Never- 
theless ChamberUn  himself  put  forth  the  rudiments 
of  hjTKtthesis  (B)  about  twelve  years  ago.  We  need 
not  yet  despair  that  a  nebular  hypothesis  may  be 
proposed  as  suitable  to  our  purpose  as  to  other  re- 
quirements,' 

'  A  wfi'mipc  to H.fV  views h  miule  in  C_liu|>ti 


CHAITKR    VIII 
sun's  infli'Knce  on  pl^nt  Lins 

t  BwprinTwnW,— Thr  .VMUniiUlion  of  (Vbnn  by  Autotroi^ir 
— EtioUlion— H»w    (!c(>gni))hy.  —  IJkIiI    ItmiiiirtfiiimU 
i  PUnU.— Hi'Untropinm.— nivnl*  ru  KnrrKy  Ari'iiiiiulntnni. 

!be  vegrtiihli*  kiiiKtioin  vari»<  mu  widely  in  fornui, 
habile,  and  every  elmraoteri^tic  of  iXa  memlK'W,  that 
the  reader  muHt  not  exixwt  in  tliiK  rhapt«r  a  diiw^UH- 
xion  uf  all  the  nun's  funotiuits  with  inspect  to  all 
plantH.  But  the  hiKhrr  plunt-t.  such  an  uvorylxtdy 
B<VM  in  the  foitwti*  and  fields,  and  whirh  provide  not 
only  food  for  man  uiid  liea«t ,  hut  oounth'ww  mat^-rialft 
for  biiildiim  and  the  arts,  are  dipectly  and  indirectly 
dependent,  in  many  intcnwtinft  ways  on  the  fiun's 
ndiatiuii.  The  Kiibjert  of  plant  growth  \»  so  full  of 
cases  of  extraordinary  a<laptationH  that  it  \»  hard  to 
avoid  digmebig  from  the  Ktory  of  purely  solar  influ- 
ences to  npeak  of  some  of  thexe ;  and  perhaps  readi-ra 
nuy  pardon  a  few  xuch  cxcur«ion!i  from  the  nuun 
hi^way  of  our  subject. 

Plant  RkqI'irkmbnth 
The  higher  plants  require  carbon,  oxygen,  hydro- 
gen, nitrogen,  sulphur,  phui4phom-<,  |K)tA88ium.   eat- 
rium,  magnmum,  and  inm.     Living  vrip'tation  i^m- 
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tains  a  very  high  percentage  of  water;  but  both  of  its 
constituents,  oxygen  and  hydrogen,  also  enter  largely 
into  more  complex  compounds  with  carbon.  As  re- 
gards their  methods  of  obtaining  carbon,  plants  are 
classified  in  three  gnmps;  (I)  Autotrophic,  or  the 
self-nourishing,  which  obtain  it  through  their  leaves, 
under  the  influence  of  light,  from  the  carbonic  acid 
gas  of  the  air.  (2)  Saproph>'tes,  or  scavengers,  which 
take  it,  in  part  at  least,  through  their  roots  from  de- 
eiying  vegetable  and  animal  organisms.  (3)  Para- 
sitic plants,  which  take  nearly  all  their  nourishment 
from  hving  vegetation  on  which  they  fasten  them- 
selves. We  shall  practically  confine  our  attention  to 
the  first  class,  and  when  we  use  the  term  plant  for 
short  in  what  follows,  we  shall  mean  generally  auto- 
trophic plants. 

.AJl  plants  are  largely  compased  of  water  and  most 
of  them  employ  it  profusely  in  their  vital  actions. 
A  large  bircli  tree,  according  to  Von  Hohnel's  figures, 
may  send  into  the  air  through  its  leaves  in  one  day 
eighty  pomida  of  water,  which  it  has  gathered  mainly 
from  the  soil  by  its  roots.  If  200  such  trees  grew  on 
un  acre  their  water  output  in  a  season  would  perhaps 
reach  1,500  tons.  ^\Tiile  not  all  trees  and  plants  are 
proportionally  as  free  in  using  water  as  this,  or  indeed 
can  be,  still  they  alt  require  itj  and  depend  on  the  aun 
not  only  to  keep  water  in  the  liquid  fonn,  but  also  to 
promote  the  atmospheric  circulation  which  promotes 
the  niinfall.  Tliese  two  functions,  first  maintaining 
a  pn)i>er  temperature,  second  itiducing  a  sufficient 
332  "^ 


rut-.   SL'N'S   INFLUKNCIO   l)N    i'LANT   Lira 

rainffttl,  are  m  this  age  almost  wholly  solar.    Formerly 
it  may  possibly  have  been  fitherwise. 

From  detenniimtioiLs  of  Kiiiiig  wt^  Ipam  the  follow- 
ing percentage  compositions  of  some  of  the  L-oiiunon 
vegetableM. 

TaIiLK  XXVIU.— f'™/««(iu»n  of  food  prodiuUt 
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The  various  cheniiral  i^ubt^tancee  mentioned  above 
as  plant  requlrenientH,  aiul  aUo  wme  others,  oceur  in 
weak  i^ilution  in  the  wat«r  which  phuits  m)  plenti- 
fully abwirl)  tlinmgh  their  rtntUt.  We  rannot  enter 
inu>  that  profoundly  intercBtiiig  and  difficidl  (juiwtion 
how  this  fluid  riwew  to  the  t«pn  of  mirh  immense  trees 
an  the  Serinoia  and  tin;  Euealyptu?*,  whieh  sometiineH 
reach  heighli^  of  5()0  fet>t,  and  in  which  the  action  of 
gra^nty  would  tend  to  produce  oulwani  pre»wureR 
within  the  roots  of  fifteen  atniiwpheres.  Suffice  it  to 
8Ry  that  in  ttnme  manner  the  fluids  obtained  from  the 
ground  do  reach  jill  \iaxU  of  the  plant,  and  the  water 
copiously  passing  through  the  leaves  evaporates. 
This  Lt  rallni  transpiration.  The  earlKmie  acid  of  the 
air  entering  the  IcavcTi  during  light  action  in  a  manner 
to  lie  descril>eil  lalcr,  is  iilten'd  luid  combine*!  with  the 
iutu  elements  Inuisjxirted  fnmi  the  nM)t.s.     I'om- 
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plex  nourishing  compounds  produced  in  the  leai 
descend  to  all  Uving  cells  of  the  stem  and  roots, 
after  undergoing  further  transformations  even 
ascend  in  spring  to  start  the  new  growth  of 
leaves,  and  buds. 

The  various  elements  are  not  available  to  the  pi 
in  all  their  chemical  combinations,  and  in  some  coi 
binations  may  e\'en  be  poisonous.     Without  goi 
into  details,  it  will  be  interesting  to  note  tlie  case 
nitrogen.     This  element,  found  uneombined  as  a  gas 
in  air,  is  rather  inert  chemically,  and  none  of  the 
higher  plants  seem  able  to  make  use  of  it  in  its  free 
Btate.     Ammonia,  too,  though  prevalent  as  a  product 
of  decay  in  the  soil,  and  existing  also  in  the  ^r,  is  not 
nourishing  to  most  of  the  higher  plants.    Nitrites 
said  to  be  poisonous  in  moderate  concentration, 
though  in  very  dilute  solution  perhaps  useful.     Nfi 
trates,  then,  are  to  be  regarded  as  the  piincipal  niti 
gen  sources  for  autotrophic  plants.     In  agriculti 
the  removal  of  crops  withdraws  available  nitrogen 
from  the  soil  faster  than  ordinary  processes  can  pro- 
duce it,  hence  the  use  of  fertihzers  containing  salt- 
peter.    But  the  legimainous  plants,    such  as 
beans,  clover,  alfalfa,  etc.,  are  said  to  be  able  to 
free  nitrogen,  and  it  is  customary  to  plow  under  green 
crops  of  such  nature  to  improve  the  soil.     Careful 
researches  have  shown  that  in  reahty  certain  micro- 
oi^anisms,  often  present  in  the  soil,  cause  the  foi 
tion  of  nodules  on  the  roots  of  these  leguminoi 
plants,  and  that  atmospheric  nitrogen  is  only  assi 
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lat«d  when  them*  mirro-orKamxtiis  inhabit  the  nod- 
uli-s.  Diflfcronl  Lcyuminosa  require  different  speciew 
of  micro-organi-sins  for  a  succertsful  partncr>«hip  of 
this  kind.  The  nucTo-orKaiii«ins  combine  the  fret' 
nJtrugeu  into  fornix  useful  to  the  plant,  and  the  plant.'* 
Hupply  other  materials,  perhapw  carlxihydrates,  for 
the  nuero-ornanisms.  Thin  is  but  one  of  many  in- 
Htanccs  in  which  the  higher  plant  formj*  are  proved  to 
depend  upon  the  activiti(«  of  the  lower,  (juite  aa  much 
as  the  lower  on  the  higher.  Quite  recently  it  has  be- 
come possible  to  purehajip  at  large  .-wihI  wtoron  cultures 
of  tlie  proper  micro-organisina,  with  instructions  for 
multiplying  them,  ho  that  when  »u)wing  a  field  with 
clover  or  alfalfa,  for  instance,  the  cultures  iimy  be 
mixed  with  the  tUHni  so  that  it  may  tK>  certain  that  the 
crop  will  not  suffer  from  lack  of  nitrogen. 

Tub    .Vh-similation   of  Carhun    by    .VnuTKoPHic 
Plants 
Many  planl.-<,  among  which  ani  com  and  olhcn*  of 
the  moti't  valuable  food  ])lunl.-<.  will  thrive  in  water 
cultures  a«  well  aw  in  the  soil,  although  the  supply  of 
carbon  through  their  roots  i.H  made  impossible.  Hence 
the  Bouree  of  the  carl)on  which  U  a  fundamental  ele- 
ment of  all  organic  life  must  l>e.  in  Huch  casw,  the  air. 
If  gnivcn  in  darkness,  although  in  all  other  reqiects 
the  comUtioiut  an-  retained  identical,  no  considorabte 
gain  of  carbon  occurs  and  the  plants  remain  white, 
for  no  ebloropbyll  is  formed.     We  (ind,  then,  that 
-.o»rbon  dioxiile  of  rhc  air  i-i  taken  in  under  the  influ- 
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ence  of  light,  and  is  acted  upon  to  fonn  cotnp^ 
pounds  with  hydrogen  and  oxj-gen,  such  as  hexa 
sugar,  starch,  and  also  the  nitrogenous  carbon  com^ 
pounds  which  go  to  compose  vegetation.  This  ac- 
tion is  found  to  require  the  green  chlorophyll  bodies 
of  the  living  plant  cells,  and  chlorophyll,  as  we  have 
said,  is  not  produced  without  Ught.  Oxj'gen  is  given 
off  in  the  chemical  transformations  and  escapes  from 
the  leaves.  The  process  of  absorbir^  carbonic  acid 
and  transforming  it  with  evolution  of  oxygen,  as  just 
deaerihed,  is  called  assinulation. 

The  evolution  of  oxygen  may  be  demonstrated  in  a 
simple  way  by  cutting  a  branch  of  the  water  plant 
Eloden  Canadensis  and  placing  it  in  a  tube  of  water 
charged  with  carbonic  acid  ga.s.  If  retained  in  very 
dim  light  for  some  time  nothing  easily  noteworthy 
occurs,  but  when  well  illuminated  a  stream  of  bub- 
bles escapes  from  the  cut  ends.  By  inverting  a  test 
tulK!.  previously  filled  with  water,  the  gas  may  Ijo  col- 
lected, and  will  be  found  by  testing  it  with  a  glowing 
coal  to  consist  largely  of  oxygen.  Quantitative  experi- 
ments have  been  made  by  counting  the  bubbles  given 
off  in  this  manner,  and  it  has  thus  been  shown  that 
their  number  is  usually  nearly  proportional  to  the  in- 
tensity of  the  light.  In  darkness  no  oxj'gen  is  given 
off,  but  carbon  dioxide  is  slowly  evolved  instead.  This 
reverse  process  is  called  respiration. 

As  already  stated,  an  essential  condition  fore 
assimilation  is  the  presence  in  the  plant  of  the  g 
substance  of  chlorophyll.     This  is  fmind  in 
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plants  almost  solely  in  the  leavew,  »o  that  thew  are 
thi-  grcut  orgaiw  of  assimilation.  Chlorophyll  in  alco- 
holic .solution  has  a  ttne  fluorpscpnce.  It  appears 
Kiwn  hy  transmitl<?d  light  ami  nxl  by  rcflwtwi  light. 
Till'  spectrum  of  crude  chlorophyll  in  alcoholic  solu- 
tion i-s  characteriw^d  by  nix  abBorption  ban<ls.  Three 
an?  in  the  violet  and  n«>rge  tugetlicr  in  HtrouK  chloro- 
phyll solutions.  The  other  three  occur  in  the  green, 
yellow,  and  rod  rewpecrtively.  By  treating  the  alco- 
holic solution  with  beruiinc  the  cnide  chlorophyll, 
which  is  a  mixture,  will  yield  in  l>enzine  solution  a 
blue  green  dye  which  ncema  to  be  the  more  important 
component.  ThLs  iU'clf  in  complex,  and  contain 
among  othto-  eoDDtituent^t  one  which  is  colled  phyllo- 
poqihyrin,  and  (lifTcm  only  a  ver)'  little  chemically 
from  the  h£pmatop<in>hyrin  of  l>lou<l.  But  however 
curioiu  and  uitcresling  cldontphyll  may  Ix-,  its  «pe- 
ciiU  function,  the  promotion  of  carUm  i»«sinulation, 
does  not  go  on  except  the  chlnnipbyll  Ix'  in  the  living 
plant  cr>lU.  .Vrlificial  chlorophyll  iM-aring  wlU  will 
not  aiLswer. 

It  ha»  been  shown  that  for  ewrj-  volume  of  carlxiii 
dioxide  operated  on  by  the  plant,  an  eifual  volume  of 
oxygen  is  liberatetl.  .Vmnng  the  principal  jiroductj^  of 
the  reaction  is  glucosje  or  starch,  Such  facti*  may 
imply  some  such  actioas  an  are  expressed  in  the  fol- 
km-ing  »yrabolic  maimer. 


6CO3  +  oHj  o  -  ('« n„  On  ((:;iuco«)  +  oo,; 

«C0,  -I-  SH^O  =  ('„  H.„0„  (Htareh)  +  fiO^ 
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Starch  i»  readily  demoostrated  as  being  produced  in  ' 
many  jdanls  during  light  action,  but  pluits  of  dif- 
ferent famihe»i  vary  greatly  in  the  quantity  of  it  they 
produce.     Indeed,  as  we  shall  see  m 
different  plants  behave  so  differently  under  givT 
condition?  that  hardly  a  »ngle  general  fact  can  I 
stated,  in  r^pird  to  which  some  idnds  do  not  exhihj 
exceptions.  As  one  person  is  repelled  by  coaxing  a 
^  __  mo\'ed     by 

C     meat ,  while  anotb 
goes  only  as  sent! 
ment    dictates, 
the  plants  seem  tol 
have  their  divei 
characters,  and  two 
kinds    may     react 
oppositely    to 
same  slimuU. 

The     organs 
carbon  assimilatioi 
are  the  leaves,  i 
in  these  the  portals  of  access  are  the  little  op< 
ings  called  stomata.     Th&se  exist  in  most  plants  raoi 
plentifully  ou  the  under  surfaces  of  the  leaves,  al-  ' 
though  found  in  some  only  on  the  upper  surfaces  and 
in  still  others  on  both.     They  are  very  minute  sht- 
like  orifices,  so  small  that  a  needle  prick  is  a  huge  hole 
in  comparison  with  one  of  them.     A  single  leaf  of  a 
sunflower  may  have  no  lesw  th:m  13,000,000  stomata.^ 
fig.  ()0  (after  SchwendonerJ  gives  .1  general  Ulen  c 
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the  furm  and  Hurniundingx  of  ihem  minute  but  neo- 
(W8ar>'  orgaiw  in  the  A  maryllis.  There  arc  special  con- 
trivancett  railed  guard  cells  adapUnl  for  opening  and 
HminR  the  ntoinata.  Thene  guard  cettn,  when  dl*;- 
tended  by  containing  much  liquid,  or  when  shone 
upon  by  strong  light,  rause  the  slomata  to  ojien  wide, 
thui4  pn>nioting  the  assimilation  of  carbon  dioxide, 
and  al.-4o  the  traaspiration  of  water  vapor,  of  which 
we  shall  itpt^  later. 

Although  very  numerous,  ihe  combined  area  of  the 
Ktomala,  even  when  wide  open,  us  Iianily  more  than 
one  per  cent  of  the  area  of  the  leaves,  so  that  it  was 
long  a  myi*ter>'  how  so  much  rarbon  dioxide  coidd 
p8i«  thrcjugh  tiiem.  Thin  qucMlion  wa^i  mdvcd  by 
Hrown  and  Kscombe  (IIXK)).  They  found  that  when 
rarlxtn  dioxide  is  adniilte<l  through  an  orifire  to  a 
niediuni  capable  of  a)>sorbing  the  gat  as  faxt  u^  re~ 
reived,  the  amount  which  diffuses  through  the  open- 
ing decrea>(es  with  the  diameter,  not  with  the  area  of 
the  opening,  TliL*  i«eeming  imradox  is  explained  by 
Kupposiiig  the  velocity  uf  flow  lo  inrreaw-  as  the  open- 
ing decreases),  ■m  that  a  smaller  hole  accommodates 
the  diffusion  not  merely  fmm  directly  above,  hut  also 
from  the  aide  areas  which  were  before  nerved  by  the 
larger  hole.  The  oliservers  found  that  their  strange 
new  law  held  for  nuniennis  o|)emng»  an  well  m  for 
aingle  ones,  provided  the  o|>cnings  are  separated  by 
dintanci?}!  as  great  a«  eight  ur  ten  times  the  diameter 
of  tJie  holes-  From  thu*  it  follows  (hat  a  surface 
1,  like  a  leaf,  with  extremely  nuinoroiu  but  very 
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small  openiugs  can  admit  the  pas<iiige  of  a  gas  by  (tin 
fusion  at  almost  as  rapid  a  rate  n»  if  the  whole  area  a 
the  surface  were  one  hole.  This  extraordinary  < 
covery  raises  our  admiration  of  this  excellent  con^d 
trivance  of  Nature,  whereby  the  whole  area  of  thl^ 
leaveit  of  a  plant  is  as  if  available  to  transmit  nouPrl 
ishraent  from  the  air,  and  to  permit  the  escape  otM 
water  vapor,  although  in  reality  nearly  all  of  this] 
area  is  actually  closed,  to  protect  the  delicate  cellsj 
within. 

The  rate  of  assimilation  of  carbon,  or  what  is  aKi 
most  projKjrtional  to  it,  the  rate  of  gain  in  dry  weighn 
of  a  plant,  depends  on  various  factors.     Of  these  WK 
may  mention  first  the  concentration  of  the  carboa'l 
dioxide  in  the  air.     Although,  according  to  Ebei^l 
raeyer's  estimates,  a  square  mile  of  forest  uses  up  ova 
500  tons  of  carbon  dioxide  in  a  year,  so  that  thi 
{leniaiula  of  the  plant  life  of  the  world  are  reall^ 
enormous,  there  is  nevertheless  an  almost  steady, 
and  everywhere  nearly  unifonn,  percentage  of  car- 
bon-dioxide in  the  air — about  three  parts  in  10,000. 
The  steady  drain  of  plant  life  is  to  be  set  overj 
against  the  production  of  carbon  dioxide  by  the  i 
piration  of  animals,  the  burning  of  wood  and  coal 
and  other  sources  of  supply,  but  it  is  surprising  thai 
the  atmospheric  proportion  remains  so  nearly  uni-^ 
form  as  it  does.     Geologists  are  by  no  means  of  the 
opinion  that  this  proportion  has  always  been  the  same 
as  at  present.  It  is  therefore  of  interest  to  inquire  how- 
the  aasimilation  varies  with  the  concentration  c 
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dioxide.  Tiwpp  se<>tnB  U)  be  rtiiino  diHii(treemcnt 
ilwpcii  invt^tigRtorx  iim  U^  the  (ir«fl-*o  uplimiim  i^>ii- 
centration,  but  all  arv  agrpRtl  thiit  the  rate  uf  as-sini- 
ilation  of  vurlK)ii  incrpustw  atcadily  witli  tlio  cdncen- 
tration  of  rarlxm  ilioxido  up  to  a  concentration  of  at 
li-ast  morp  than  ten  fold  th('  prcwent.  Under  rtuoh  rcm- 
ct'ntratiorts  the  rate  of  atMitiiilation  may  reach  nioro 
ihati  twic«  itj«  ufiual  value.  Aecnnling  t^t  some,  the 
incmafw  of  aasirnilation  w  even  directly  i)n»iM»rtitnial 
til  the  inereiiHed  concentration  of  CO^,  within  thci*o 
limit)*.  \Vhile,  of  course,  thin  chanKe  hiv*  no  practical 
intere:4t  while  the  cartion  <lir>xide  of  the  air  remains 
eon»taiil,  yet  it  may  iiave  In^n  of  considerable  prac- 
tical intport^uice  to  vegetation  in  pu.it  Keolo^icnl 
epochs  when  the  air  wa-s  more  highly  charged. 

TemjM'rature  in  u  «lill  more  jiuportunl  aRency  in 
regulating  the  growth  of  plant.-^.  .\.H.siniilution  may 
be  recognized  with  some  plants  at  t<'m|»erulurea 
of  neveral  degreejn  below  freezing,  but  practically 
speaking  all  gniwitig  plaut^t  of  the  liif^er  forms 
must  be  maintained  at  temi)eratures  between  0°  and 
30°  C.  The  inereane  of  the  rate  of  aiwimilation  for 
nioiit  plautj^  is  very  rapid  from  0°  up  to  a  (cmperatum 
of  about  36°,  and  at  higher  tenii>era1ureH  ilian  thin 
there  in  a  «till  more  rapid  decrease  in  the  rate.  It  iii 
an  interesting  (luostion  whether  the  principal  foniut 
of  vegetation  could  flouri-th  on  any  plane!  if  the  mean 
1em[>erature  lay  below  0°.  or  alKive  od".  .Although  wu 
cannot  an!<wer  this  c|uestion  alMw>hitely,  utill  it  neeina 
ibable  that  the  utL'iwer  must  Ix.'  in  the  neKati\*e. 
nil 
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At  all  events,  we  see  not  only  how  entirely  our  o' 
lives  now  depend  on  the  sun,  but  even  on  that  nice 
balance  between  the  receipt  of  solar  radiation  and  the 
emission  of  terrestrial  radiation,  in  which  even  the 
amounts  of  water  vapor  and  cloudiness  are  import! 
as  stated  in  the  preceding  chapter. 

We  now  take  up  the  dependence  of  carbon  assimi- 
lation on  light,  deferring  the  consideration  of  other 
effects  of  light  on  growth.  Plants  raised  in  darkness 
do  not  become  green.  The  formation  of  chlorophyll 
and  the  a.ssiniilation  of  carbon  require  radiation  be- 
tween wave  lengths  0.39^  and  0.77/i.  Experiments 
on  the  relative  effectiveness  of  rays  of  different  wave 
lengths  are  not  altogether  satisfactory,  They  have 
been  confined  to  a  few  kinds  of  phmts,  and  great  dif- 
ficulty is  found  here,  as  in  physics  and  astronomical 
work,  in  separating  a  sufficiently  intense  nearly 
monochromatic  beam  of  light,  and  in  measuring  its 
intensity.  Investigations  were  made  about  thirty 
years  ago  on  the  relative  efficiency  of  the  different 
rays  by  Reiidte  and  by  Engelmaun.  They  agree  in 
fixing  the  wave  length  of  maximum  effect  in  the  red  at 
about  0.65/i  to  0.70^,  but  Engelmann  found  a  secoi 
dary  maximum  in  the  blue  at  0.48^,  not  found 
Reinke.  Engelmami's  observations  distinguish  be- 
tween the  assimilation  of  the  upper  and  lower  sides 
of  a  leaf  capable  of  such  action,  and  he  finds  the  posi- 
tion of  maximum  effect  shifted  distinctly  towan 
shorter  wave  lengths  for  the  surface  which  recw' 

1  illumination  through  the  leaf.     This  result 
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|iciu1m.  it  ut  thou^t,  on  the  strong  al)sorption  by  chlor- 
ophyll for  red  rays,  for  thereby  the  light  which  pene- 
trates the  leaf  is  gn^atly  weakened  in  its  longer  waves. 
Undoubtedly  the  relative  activity  of  different  wave 
lengthfl  (if  light  in  promoting  the  asHimilatinn  of  car- 
lM>n  i»  closely  ai««oeiated  with  the  absorption  sf>ectrum 
(  chlorophyll,  as  indeed  would  appear  from  Engel- 
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mann's  result*,  given  in  Fig.  67.  There  is  needed 
miioh  more  rettooroh  in  this  difficult  field.  It  would 
l«e  greatly  promotwl  by  the  introduction  of  means  for 
obtaining  nearly  monorhromatie  light  of  well  deter- 
niimvl  and  a<ipquate  intt'iLsily,  covering  considerable 
aresM  auilable  for  pUuit  growth  under  otherwise  nat- 
I  cooditioQs. 
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rKiur^)  and  Minder '  ha.w  recently  made  c 
timis  by  tbe  bu)>blc  mpthiid  with  Etodea  CanadentU 
on  the  sMdiuilalian  of  carbon  dioxide  in  tights  of  (fif- 
ferent  ot^r^.  They  used  sunli^t  filtered  by  colored 
BoiutioBS  ^  a:ii  to  ^wt  red  U^t  (wave  length  0.62^ 
^^  to  some  point  in  tbe  infra-red  not  determined),  green 
^H  li^t  (wave  length  0.51^  (o  0^2^),  or  blue  light 
^H  (wave  length  0.3o/i  to  0.50>i)  at  pleasure.  In  each  case 
^H  the  U^[  could  be  reduced  to  a  fixed  intensity  as  meas- 
^H  tired  by  a  Rubens  thermopile,  i^o  that  they  could  in- 
^H  vestigate  the  rates  of  assimilation  under  equal  inten- 
^H  eaties  of  total  radiation  for  each  of  the  three  colors. 
^H  lliey  found  the  green  light  of  no  effect  in  producing 
^H  a»dmilatiun.  It  was  like  no  light  at  all.  The  red 
^H  and  the  blue  they  found  ei{uall>'  efTeclive.  Hence 
^H  their  experiments  tend  to  support  Eogelmann's,  as 
^1  they  indicate  two  wave-length  re^ons  efficient  to  pro- 
^f  duee  assimilation.  We  must  wait  for  more  elaborate 
^^  experiments  before  we  shall  know  just  how  the  effi- 

ciencj'  varie:i  with  tlie  wave  length,  and  whether  all 
plants  are  best  promoted  by  the  same  rays.  It  is 
clear,  however,  that  a.s  the  red  end  of  the  spectrum 
predominates  in  direct  sunlight  at  the  earth's  surface, 
whereas  the  violet  end  greatly  predominates  in  sky 
Ught,  a  plant  may  be  made  to  assimilate  carbon  pre- 
dominatingly by  red  or  blue  light  according  to 
whether  it  grows  in  direct  sunshine  or  not.  This 
may  offer  a  method  of  evolving  new  plant  forms  as 
we  shall  see  in  the  next  section. 

'  ZeilxJiTifl/ar  BolanH,  vol,  i,  pp.  GISMWO,  1903. 
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EIx|M!rimrnt.<i  liave  been  iiunle  on  the  dejieniience 
liniilation  on  the  total  inU'risity  of  UKiit  irn!«pe('live 
wavo  length.  Itcsull^  very  niilurally  difTer  for 
uiln  of  light-loving  ami  Hhade-lnving  habits.  In 
gdnenil,  the  mte  of  carljon  assiniilatiou  increases 
nearly  directly  proportionally  to  the  intea-*ity  of  the 
li|^t,  but  tluH  ratio  of  couree  cannot  pt'reiHt  for  ex- 
tremely high  inteiiisitieri,  because,  first,  of  injur)'  to 
the  plant,  and.  second,  of  deficiency  of  other  promot- 
ing eIflnwnt-4,  especially  carbon  <lioxide. 

Etiolation,  oh  EFFKtrre  of  DEnciENCv  of  Lioht 
Plant)*  gniwn  in  darknesw  or  weak  Uffhl  tend  to 
have  long  «tem  iritemodft*  and  leaf  wtenii,  and  small 
white  ur  yellow  Icuvcj*.  TIii-np  antl  other  cffccl.'*  of 
defieieucy  of  light  on  plant  growth  are  termed  etiolit- 
tion.  M  alnnuly  xtut^'d,  the  liigher  ptant>4  do  not  in- 
tmase  much  in  dry  weight  unless  exposed  to  light,  )«o 
tluit  experiments  on  the  effects*  of  complete  darknew* 
OD  growth  arc  mainly  rewtricted  to  »uch  species  a^ 
hftve  large  food  stiires  in  tlieir  seeds  or  tubers.  The 
object  Herved  by  natural  etiolation  is  at  length  to 
bring  the  leaves  of  the  plant  to  suitable  ill uuii nation, 
an  ifl  seen  by  the  tall  tree  stems  and  climbing  vines  in 
clowdy  growing  fi>rp»ts.  In  experimental  work  this 
renult  cannot,  of  rourse,  l»e  reiwhe*!.  but  neverthelesB 
the  tendency  is  plainly  shown. 

^Vlthough,  as  stated  abitve,  the  elTect  of  darkne*i 
or  very  weak  illumitmtion  is  to  n_'strict  the  leaf  anvi, 
leaves  grown  in  moderate  light  are  larger  and  thinner 
:iir. 
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than  those  grown  in  full  r^un.  Tliis  form  of  eliolatioi 
is  of  importance  to  the  tobacco  industry,  since  larj 
thin  leaves  are  preferred  and  command  much  hight 
prices.  Accordingly,  in  Connecticut  and  Florid 
large  fields  of  tobacco  are  now  grown  shaded  by  teni 
of  open-meshed  cloth  to  promote  this  improvement. 
Other  desirable  results  obtained  by  this  device  con- 
sist in  the  greater  and  more  uniform  humidity  of  the 
air  and  soil  and  the  prevention  of  disastrous  wind*' 
and  hail. 

With  many  kinds  of  plants  the  buds  will  not  di 
velop  if  the  Ught  Ls  too  weak,  and  there  are  besides 
many  other  effects  embraced  by  the  general  term 
etiolation.  Curiously  enough  red  light,  which,  as  we 
have  seen,  is  highly  effective  for  promoting  carbon 
assimilation,  in  many  eases  behaves  like  darkness  in 
respect  to  etiolation.  It  is  thas  pos.sible  to  grow 
plants  under  conditions  favorable  to  their  adequate 
nourishment,  and  at  the  same  time  to  greatly  alter 
their  forms  by  etiolation  effects.  This  interesting 
feature  perhaps  offers  opportunities  for  promoting 
the  evolution  of  desired  forms  in  useful  plants.  *  II 

Plant  Geography  ^| 

In  natural  surroundings  there  is  a  very  great  range 
of  light  inteiisity,  and  with  it  a  great  range  in  temper- 
ature and  moisture.  These  circumstances  produce 
very  marked  effects  on  plant  life.  In  the  tropics 
abound  regions  of  great  rainfall,  from  100  to  500  cen- 
B^        timeters  (40  to  200  inches)  annually,  nith  the  ave£|fl 
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age  cIoudiiK»H  as  high  lu*  fifty  to  sixty  per  cent.  The 
mean  temperature  Ih-Ihk  also  liigh,  2.5°  to  28°  C, 
(here  results  a  high  atmospheric  hiunitlity.  Such  re- 
gions are  the  home  t»f  the  tropical  rain  forest,  which, 
viewwi  fwrn  a  ship  pre«'nt«  a  notieeahly  irregular 
Hkyliiic  filled  with  every  shade  of  green,  hut  tending 
toward  the  more  somhre  hues.  Flowering  trees  are 
occasioDally  conspicuous.  The  interior  of  such  a 
forest  teems  with  a  varied  niBMs  of  vegetation  from 
tlie  K'^>und  to  the  top  of  the  Itighest  trees.  Vines  and 
nigged  ferns  atHnind,  so  that  the  traveler's  way  is 
almost  inipaitt<al>lc.  I'ruits  and  flowerH  are  plentiful. 
Parasitic  and  saprophytic  plants  revo!  among  the 
luxurious  surroundings.  On  viewing  a  tall  tree  one 
can  (icareely  di>>tinguish  which  is  its  own  foliagf;  and 
which  that  of  the  dejK-ndent  vines  and  parasites  that 
load  its  trunk  and  limbs  almost  to  breaking. 

Sharply  tMnt,nk<ting  with  such  screiuw  as  this  are 
the  sulM nipicjil  de-sert-s  like  the  African  Sahara. 
Here  alw  the  temperature  is  high,  but  variable,  rang- 
ing [)erhaps  20"  <'.  in  a  sinj^c  day.  Rainfall  may  be 
a-H  sli^t  as  5  centimeters  annually,  but  more  often 
reaches  10  t<i  20  centimeters.  The  scanty  vegetation 
is  provided  with  extraordinar>'  contrivances  to  nv 
duce  as  far  ax  [losfiihie  the  loss  cjf  water  by  tran.ipira- 
tion.  l^eavcs  are  small,  thick,  glossy  and  waxy,  their 
Htomata  protected  heavily.  Thorns  alMtund.  The 
ruotM  run  very  deep  so  that  even  ut  one  or  two  meters 
in  depth  they  have  hardly  diminishef!  at  all  in  siie. 
As  a  rule  only  small  plants  anil  shrulM  are  found. 
34T 
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Some  varieties  have  special  reservoirs  for  the  stora( 
of  water. 

The  periods  of  rest  are  not  conspicuous  in  the  trop^l 
ical  vegetation,  for  they  are  not  governed  by  temper*! 
ature,  though  perhaps  often  by  rainfall.  Tropical  r 
periods  are  fretiuently  localized  to  single  trees  or  partq^ 
of  trees;  but  in  the  temperate  and  arctic  zones  theri 
occurs  in  winter  manifestly  a  general  cessation  ( 
growth.     Not  all  temperate  and  arctic  trees  caatl 
their  leaves,  but  they  generally  rest  from  the  growtbS 
of  shoots  during  the  cold  months.     Askenasy  has  in«fl 
vestigated  these  matters  at  Heidelberg  for  the  gean 
tree,  which  may  serve  as  a  type  for  other  broad- 
leaved  trees.     The  seaj^on  of  activity  lasts  from  about  . 
mid-April  to  mid-Octol>er,     It  comprises  the  perio( 
of  growth  of  foliage,  April-May,  during  which  nextfl 
Beus<m"s  foliage  buds  appear;  then.  May -September, 
follows  the  period  of  assiniilation  during  which  stems 
and  roots  enlarge  and  the  next  season's  flower  buds  _ 
are  fonned ;  then  comes  the  period  of  decUne  endin 
in  the  fall  of  leaves.     During  the  sunmier  the  growtfafl 
of  next  season's  buds  is  slow,  and  ceases  altogether 
from  October  to  early  February.    Then  a  growth 
begins  and  becomes  more  and  more  rapid.  Although 
a  warm  March  greatly  accelerates  the  development^ 
a  warm  October  cannot  start  growth.     From  the  em 
of  Novemlwr,  development  may  be  forced  by  hot-  ' 
house  conditions.     During  the  rest  period  chemical 
changes  of  the  re.'jerve  material  go  on.  and  it  is  indeed 
transporter!  between  different  organs  of  the  trt 
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Temperate  forests  contrast  with  the  tropical  rain 
tw*de»cfibed  aljitve  in  thp  relative  absence  of  vines, 
pj^t/Ufi  vcf^-tution,  and  undorgmvi-th.  although  in 
inditfeipons  herb)*  and  .shnihs  are  not  lacking.  The 
eveittreen  cotiifere  are  more  and  in(»re  in  evidence  at 
higher  latitude^*,  but  these  i>ecome  dwarfed  toward 
the  arctic  zones,  Tlie  gn>wth  (>eriod  of  arctic  flora 
is  timitod  to  about  two  month;^,  but  is  favored  by  the 
fact  that  the  sun  is  then  continually  alxjve  the  hori- 
tun.  All  varieties  start  their  growing  almcwt  simul- 
taneously, and  reach  their  flowering  stage  ulinniit 
together,  within  a  couple  of  weeks.  .Although  the 
mean  temperature  of  the  air  during  tlie  growing  pe- 
riod may  be  5°  C  or  more,  the  soil  w  frozen  almost  to 
the  surface. 

Wlesner  has  made  extensive  phutogniphic  re- 
searches to  determine  the  light  requirements  of 
planl«.  He  employs  u  modification  of  the  methi«l  of 
Buiwen  and  Rtwcoe.  \  normal  photographic  pa{>er 
vi  prepared  by  soaking  in  thnw  |>or  cent  common  salt 
solution,  drying  in  darkness,  soaking  five  minutes  in 
twelve  per  cent  silver  nitrate"  solution,  and  drying 
again  in  durkrexs.  .V  nomiat  tone  or  grade  of  dark- 
ening is  prepare*!  by  coating  a  paper  with  a  mixture 
of  one  part  lampblack  in  1 ,000  parte  zinc  oxide.  When 
the  photographic  paper  reaches  this  shade  by  expo«- 
ure  to  light  for  one  second,  the  light  is  said  to  be  of 
unit  intrn-iity  of  the  Bun-wn-HtwctM'  scale.  Those  au- 
thotv  showed  that  for  e<)UHl  blackening  of  the  photo- 
ihic  paper  the  intensity  of  the  light,  between  wide 
»19 
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limits,  is  inversely  as  the  time  required.  Hence  if  n 
seconds  are  required  to  produce  normal  tone,  the 
light  intensity  in  I  /  n  Bunwen-Roscoe  unit.  To 
avoid  inconveniently  long  expusiires  m  deeply  shaded 
places,  and  to  allow  sufficient  tinie  for  accurate  re- 
sults in  strong  light,  Wiesner  introduced  a  gradation 
of  shades,  forming  a  kind  of  tone  scale,  which 
standardized  in  terms  of  the  normal  tone. 

By  such  procedures  Wiesner  haj^  measiUT^d  the 
light  aetion  due  to  direct  sunhght,  and  to  diffused 
light  at  Buitenzorg  (Java),  Cairo  (Eg>-pt),  Vienna 
(Austria),  several  stations  in  Norway,  and  Advent 
Bay  (Spitzbergen) .  His  measures  were  made  on  days 
varying  in  brightness  from  cloudlessness  to  rain  and 
snow.  The  \'ienna  measurements  extend  for  several 
years.  He  has  made  observations  in  the  open,  in 
leafy  tree  crowns,  and  under  the  shadow  of  thick  for- 
ests. It  is  not  possible  to  give  here  any  adequate 
summary  of  this  very  extensive  work,  but  the  reader 
may  consult  the  original  articles  of  Wiesner.' 

Some  of  Wiesner's  results  are  as  follows:  The  max- 
imum total  illumination  at  Vienna  was  1.50  B-R 
units;  at  Bmtenzorg,  l.(il.  At  Vienna  the  mean 
midday  value  ranges  from  0.1  B-R  unit  in  January  to 
0.96  in  July.  At  Buitenzorg  in  December  and  Janu- 
ary the  midday  values  range  from  0.65  to  0.85.  Rain 
or  snow  diminishes  the  light  total  to  one-tenth  or  less 

'Eapecially  in  SiUungsberichff  Wim.  Aiad.  Math.  Natiirw.  Kt. 
Bd.  102,  I,  18S3;  101,  I,  1S95;  109,  I,  1900;  113. 1,  1904.  Also 
DeitkichrifUn  o!  the  same  Academy,  Bd.  64, 1897;  67,  1899. 
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4)f  itM  uornml  vulue.  At  Vienna  tho  ratio  of  direct 
MinUght  III  (lifTuMcd  skylight  action  in  very  variable, 
ubnt  an  avt^rage  value  for  several  hours  nt?ar  midday  Is 
jriwut  unity.  On  half  cloudy  days  the  total  light 
aetioQ  is  almost  as  strong  as  on  cloudlet  dayx.  On 
oomplctely  cloudy,  hut  not  Htomiy,  day.-*  the  total 
light  action  i»  roducetl  frum  tlirec-  to  five-fold. 

Taking  the  total  dire<-t  and  (lifTused  light  action  in 
Ihc  open  a«  the  haKis  of  n-ckoiiinK.  Wiesner  eoniparca 
with  it  the  light  action  found  in  the  crowtut  of  trees 
and  eWwhere.  ("ailing  the  first  value  I,  the  xecrond 
i,  he  calU  the  ratio  ti/'l  =  L)  the  relalit*  pfuilic  ration. 
When  the  leavefl  are  liegintiing  t^>  form  in  spring,  lie- 
fore  they  get  largo  enough  to  ca^t  deep  f<hadowH,  the 
values  {>(  L  williin  inv  cniwiis  and  under  Irctis  aro 
not  greatly  less  than  unity.  But  later  in  I  he  summer, 
when  leaven  an;  full  grt)W!i,  and  next  seawon's  leaf 
buds  are  forming,  these  ratios  become  much  smaller. 
For  instance  for  the  wliite  birch  (Betitla  albn), 
Wiesoer  frnds: 
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This  rapid  increase  of  the  shading  action  of  forest 
trees,  as  they  develop  their  leaves,  determines  the 
nature  and  habit  of  the  underhrush.  Generally  the 
leaves  of  the  underbrush  present  a  scattered,  or  flat 
ttrray,  so  as  not  to  shade  one  another.  Often  the 
undergrowth  has  the  habit  of  rapid  development  of 
leaves  and  blossoms  in  early  spring,  before  the  over- 
growth is  fully  leaved. 

In  arctic  regions  the  vegetation,  almost  without 
exception,  requires  practically  all  the  available  light. 
This  depends,  no  doubt,  on  the  coldness  and  short- 
ness of  the  season  of  growth.  Values  of  L  much 
below  unity  seem  to  be  insufficient  for  arctic  plants. 
This  may  explain  the  absence  of  tree  forms  there. 
Whereas  in  the  tropics,  and  even  in  temperate  zones, 
most  [ilants  have  moans  for  reducing  the  Ught  action 
on  their  leaves,  no  such  contrivances  are  common  in 
the  frigid  zones, 

Tlic  range  of  light  reiiuirements  is  indicated  by  the 
following  values  of  the  relative  photic  ration  and 
total  light  action  within  the  crowns  of  trees  in  full 
leaf.  The  terms  (Max.)  and  (Mhi.)  refer  to  the  max- 
imum and  niiiiimiun  daily  valupj^  of  the  quantities 
concerned. 

Amor^  underbrush  growing  in  a  shade  so  deep  that 

L  =  -7:  he  found  beeches,  maples,  and    other  well 

growing  saplings.    Grasses  in  tlie  temperate  zones 
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were  found,  although  not  blooming,  when  L  = 
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fniind  to  tlirivp  ui)df>r  phcitir  ralioiw  from 

We  caniiot  dwell  longer  on  tlie  iiiten^^tinf;  work  of 
Winner.  FR>in  it  wo  wv  how  umiercMsary  ll  ih,  for 
iiiaiiy  former;  of  vegetation,  that  tlio  light  nliould  Ire  of 
the  full  intensity  which  l**  now  available  in  the  open. 
Iniloed,  W'ie^iMT  remarks  tliat  in  oxjierinM-ntj*  niado 
by  rotating  pltint.-i,  ko  as  to  get  eqnnlixo*!  iliuminution. 
tbt'  lmd*t  will  di>vch)p  and  leavpjt  In-  fully  gn>wn  under 
ainftliona  fur  below  the  minima  olisurviid  undbr 
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nstunU  coDditioa&.  Id  the  astural  state  the  well- 
illuminatpd  bods  grow  at  the  expense  of  their  kss 
favored  Dei^boni.  and  as  their  leaves  expand  they 
tend  still  further  to  suppress  the  undeveloped  buds. 
In  \-iew  of  all  this,  and  in  view  of  the  h^pothe^  (B I 
advanced  in  Chapters  \1  and  Vlh  which  treated  of  a 
more  uniform  illuminatioD  assumed  to  be  formeriy 
prevailing,  it  is  interesting  to  speculate  whether  the 
great  vegetation  of  the  Carboniferous  era  was  not 
produced  under  a  far  more  feeble  illuminaiimi 
that  which  now  prevails. 

Considering  tbe  present  lack  of  exact  experimenl 
on  the  efBciency  of  different  wave  lengths  of  light  to 
promote'  plant  pnmih.  the  photographic  cxperinieiitri 
of  Wiesnpr  are  perhaps  all  that  are  yet  demanded. 
But  we  wui  easily  see  the  wlvaiitu^  wbich  would  re- 
sult, to  plant  physiologj-  if  such  an  instrument  as  the 
the  spectrobolomeler  could  be  employed  in  fikiUed 
hands  to  determine  the  reiatiorts  of  wave  length  and 
intensity  of  light  to  carbon  assimilation  and  eti 
tion,  for  numerous  plant  forni-s. 
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Heuotropism 
It  is  well  known  that  different  plants  vary  ; 
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gards  the  angles  which  their  organs  present  to  the 
direction  of  strongest  light.  A  nasturtium,  for  in- 
stance, if  principally  illuminated  from  one  direction, 
will  expose  almost  every  leaf  and  flower  with  its  face 
broadside  toward  the  light.  Plants  within  a  room 
bend  toward  the  window,  Stjine  species  which  Ui 
3S4 
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liy  and  cloudless  regions  present  Ihcir  Ipavoi  odgp- 
B  lo  the  strongest,  illutnination.  Siich  adnptalions 
8«  thoMi"  wi*  httvo  immtiontnl,  and  otlierw,  arv  ein- 
brace<!  vinder  the  trnn  hpliiitiMpisni.  niffcrent  plant 
organt;  cUffcr  in  rpniwrl  to  the  nmllpr,  m*  that  b«tan- 
istii  diHtiiigui^h  organs  wliioh  am  oHhotropic,  oJid 
thoM»  which  are  plagiotropir,  according  as  they  tend 
In  lie  in  the  dircclioti  of  the  principal  light  or  at  some 
otlier  angle  with  respect  to  it.  Also  orthotropic 
orgaiut  may  grow  in  a  positive  heliotropie  manner, 
i.  c.  towards  the  source  of  light,  or  the  contrarj'. 
Roots  are  usually  negatively  and  stems  poidtively 
orthotropic.  while  leaves  may  be  regarded  as  plagio- 
tropir. 

It  was  supp<ise<i  by  l)e  ('aiitli)lle  i  IS.T2)  that  helio- 
tropism  was  a  simple  ci mseiiuencc  of  dilTercnt  ratew 
of  gr<)Wth  l>etwepn  stningly  and  weakly  illuminatetl 
parts  of  an  organ.  It  had  l)een  found  (as  already 
stated  under  eliolaiion)  that  stems  grown  in  liarkness 
exceeded  in  length  those  grown  iti  light.  Further- 
more, it  has  been  shown  that  plants  increase  in  stat- 
ure faster  by  night  than  by  day.  See,  for  inslanee. 
the  following  measurements  by  Kraus  on  the  growth 
of  a  species  of  banilxM)  at  Buitetuorg,  Java,  in 
twelve-hour  intervals: 


Date 

Ddo.4      DMtS 

Dec.  6 

Vet.  7 

Doe.« 

Growlli  by  d»7 . . , , 

lOJtem,    4.3 on. 

Son. 

S.5«>>. 

13  en. 

OmiUibynt|i}it... 

1 ..«,,  1 .. 

•m.  1  lAan.  j  ts.ftmi,  1 

On  filth  grmind-K  Dp  CjukIoIIp  atvumed  thai  I 
tfupio  run-aturp  Kir.  :<^ply  ihe  HTert  of  the  r 
ing  iofiuencp  tA  li^t  on  the  gnnrtfa  uf  that  ade  o 
stem  nHUft  stron^y  illummated.  Thk  simple  ex- 
l^anstioD  may  have  sotne  justiScation.  but  it  is  not 
adequate  to  ex|rfaio  the  facl&  For  plant  organs 
wbieh  ciin'e  atray  from  the  li^t  tUto  grow  fa^er  id 
the  dark.  Furthermore,  the  same  organ  may  react 
either  pwgtively  or  negatively  or  not  at  all  according 
to  the  intensty  of  the  U^t,  as  shown  by  the  experi- 
ments of  Oltmaus.  This  author  is  of  the  opinion 
that  the  heM  intetnty  of  illumination  for  the  general 
welfare  of  the  organism  ti<  that  at  which  it  exhibits  nn 
heliutropic  cun-ature.  Krect  sunlight  i^  too  bright 
to  imluce  heliotrope  curv-ature  in  most  plants,  hence 
they  do  not  as  u  rule  turn  their  leaves  from  east  to 
west  with  the  progress  of  the  sun.  although  in  the 
case  of  the  sunflower  this  occurs  with  the  blossoms. 

It  aeemi^  that  iliumination  acts  rather  as  a  stimulus 
than  as  a  force  in  producing  heliotropism,  for  the 
effect  may  be  produced  by  brief  light  action  and  the 
actual  curvature  take  place  in  the  appropriate  direc- 
tion after  the  light  has  been  withdrawn.  Further- 
more, the  reaction  does  not  necessarily  occur  where 
the  light  in  apphed,  but  the  stimulus  may  be  trans- 
mitted some  distance  from  the  sensitive  recipient 
oi^an  to  the  position  where  cun-ature  takes  plai 
although  the  part  of  the  oi^an  where  it  beconi 
curved  is  shielded  entirely  from  the  action  of  1 
Ught. 
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Ilvliotropism  ir>  without  iloulit  of  Ki^iit  vuliio  U> 
plants  in  i-naldiiiR  Ihoni  to  aiijiist  llioir  leaves  mtwt 
ftdvantftgi'oit.sly  to  increase  or  redum  the  iUimiina- 
lion  in  which  thpy  find  themjuelves.  It  is  eapociolly 
roliuiblc  to  maiiy  comixiiind  Icnivixi  plants  subjected 
to  the  powerful  healing  effect"  of  the  dirtH^t  raj*s  of 
the  unclouded  sun.  They  open  out  their  leaves  in 
tlw  ewiy  inoraiiig  or  during  cloudy  weather,  but  tilt 
them  up  edKPwW  in  the  hot  sun,  thus  nxlucing  tlie 
effective  area  for  heating.  Such  pliuits,  though  of 
turge  leaf  area,  may  thrive  in  the  driest  refooni<. 
Other  plants  have  their  leaves  p<*nniuiently  set  at 
8Ueh  an  angle  ok  to  receive  n  inininiuin  of  diretH  xun- 
Ugfat. 

On  the  other  hand  many  plants  gniwing  in  com- 
paratively weak  light,  and  some  si)n-loving  plants  in 
the  open,  tuni  the  bnuwl  sides  of  their  leaves  toward 
the  strongest  Uglit.  The  negative  heliotropism  of 
the  nxjtH  of  plants  Is  of  advantage,  for  by  it  they  may 
be  itaved  from  growuig  out  of  the  soil. 

Pl.\st8  ,\8  Energy  AccctMTLAToiB 
Tlie  energj-  now  available  in  coal  and  oil  wan  for- 
tunately preserve<l  for  our  use  in  the  dcct»miK>setJ  veg- 
etation of  foniier  ages.  Kxtntordiiiary  luxuriance  of 
vegetation  U  thought  to  have  prevailetl  in  those 
ancient  times,  and  we  now  use  the  uocumuhited  en- 
erK>'  of  solar  rays  emitted  long  Itefore  the  existence 
of  man.  .Attempt**  to  emplr>y  solar  energ>'  by  arti- 
^tfieUU  engines  will  he  referred  to  in  the  next  chapter, 
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but  none  of  them  tian  as  yet  be  compured  in  eoonoi 
ical  success  with  the  natural  process  of  storage  always 
occurring  in  vegetable  growth,  .\rtificiai  processes 
are  for  the  moment  far  more  efficient,  but  not  in  pro- 
portion to  their  great  cost,  and  none  of  them,  like 
natural  process,  stores  permanently  the  energy 
ceived.  Most  solar  engines  transform  solar  radi^' 
tion  immediatclj'  into  heat,  and  this  Is  gradually  lost. 
Growth  transforms  solar  radiation  immediately  into 
chemical  energy,  and  this  may  be  indefinitely  pi 
served. 

Various  estimates  have  been  made  of  the  efficiei 
of  plants  as  transformers  of  energy.  Pfeffer  {187lj 
computed  from  Bous-singault's  work  that  a  squ; 
meter  of  Xerium  leaf  surface  formed  starch  at  the 
rate  of  0.000535  grams  per  second.  .Vssuming  the 
product  formed  to  have  a  heat  of  combustion  of  4,100 
calories  per  gram,  he  found  2.2  calories  per  square 
meter  per  second  to  be  the  amount  of  energy  con- 
served. The  amount  of  energy  received  from  the  sun 
would  depend  on  the  time  of  day,  inclinations  of  the 
leaves,  moisture  of  the  mr,  etc.,  but  might  be  esti- 
mated at  about  150  calories  per  square  meter  per 
end  in  ordinary  conditions  near  sea-level, 
would  give  an  efficiency  of  about  1.5  per  cent. 

Brown,  in  his  Bakerian  Lecture(see  Nature,  vol. 
p.  522),  summarized  some  careful  experiments  on 
efficiency  of  the  sunflower.  He  made  estimates  of 
the  temperatures  of  leaf  surfaces  and  of  their  thermal 
emissivity.     The  latter  in  still  air  was  about  0.016 
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raloriw  per  M|uarL>  contiinctf r  of  leaf  surface  for  I "  f '. 
(liffercnoc  of  teuipcmture  froin  the  siirrouiuliiipi. 
lii'aveB  evolve  carbon  ilioxidp  iti  darkness  in  their  or- 
diimr>'  process  of  respiration.  For  a  Hunflower  leaf 
respiring  0.7  cubic  centimeters  of  carbon  tiioxide  per 
100  Mjuaro  centimeters  per  hour,  ttie  re«pinition 
caufBW  a  rise  of  temperature  of  the  leaf  in  still  air  of 
0°.019  C.  above  H»  surroundings.  This  effect  i^ 
therefore  practically  negligible.  Not  so  the  effect 
of  tranffpiration  and  evaiK)ration  of  water,  esperially 
ill  windy  surroundinjp*,  for  this  may  alter  Iht-  (emi>er- 
ature  of  leaves  by  se^-rra!  degrees.  The  absor|)tion 
coefficient*)  of  leavt^M  of  various  pliuits  in  ordiiuir>' 
xurkU^t  were  ileterminwl.  These  range  from  sixty- 
five  to  seventy-eight  imt  cent,  and  for  the  sunflower 
leaf  Vfoa  found  to  Ixr  6S.G  [ht  cent.  Such  valuer 
would  probably  differ  according  to  the  quality  of  the 
light.  The  rate  of  abmjrption  of  carl>on  <lioxi(!e  by 
the  plants  wa^  measured.  j\ir  was  drawn  througli 
the  ^azed  case  aintaining  the  leaf  specimen  and  the 
cartmn  dioxide  contents  of  the  air  after  passage  was 
compared  with  that  of  air  unaffected  by  the  plant. 
^'ariouli  concentrations  of  carixjti  dioxide  were  exiK'ri- 
meuted  upon,  and  it  api>eared  that  up  to  concentra- 
tions six  times  the  norma),  tht?  rate  of  axHimilation 
was  propi>rtioniil  to  the  concentration  of  carbon  diox- 
ide in  the  air.  The  materia!  fonned  by  the  plant  was 
astumed  to  be  hexose,  whuH^  heat  of  combustion  ut 
3,700  calories  per  gram.  The  rale  of  assimilation 
aeemed  to  bo  indcpimdent  of  the  intensity  of  the 


I  amA  the  waiuaiy  ataie  nwiffJ 
ghnm  in  dw  fint  part  «f  Table  XXEX  andjr  to  tk; 
'  wifamK  ftMimetrr  id  leaf  smfaee 
In  tlv  latter  part  (rf  Um  table  is  pren 

IbfE  ifiKpMal  fjf  tbe  leaf  m  pencnlaees  of  the  solar 
cnerxT  nweived.  plai  the  beat  eaersjr  leeaved  from 
the  MimwDdniipi^ 

It  appeara  from  auA  inrestieatioikB  aa  have  been 
made  that  plaota  may  atote  up  as  dkemical  eaerg>-  Is 
rmind  nurobem  one  or  two  pa-  cent  or  the  eDerg>-  of 
natar  nufiatioa  which  «hines  upon  their  leaves.  This 
may  Men  a  very  nnall  efficiency,  but  on  its  results 
ACCUmuIatod  throu^  former  ages  have  depended  the 
great  manufacturing  achie^'ements  and  the  comfort' 
ablo  winter  warmth  of  our  dwellings  for  n 
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In  the  combination  of  vntrr  power  abd  electricily  we 
M-cin  now  Ui  be  pitsslng  in  a  iiietL-<ure  away  from  the 
dependence  on  rotU  and  Ktpam,  but  thero  ih  little  ()U{i«- 
tion  that  both  coal  and  oil  will  loug  reioain  in  exten- 
Hivp  use  to  remind  us  of  our  deiiendeiice  on  the 
growth  of  ancient  vegetutioii  and  its  transformation 
of  floUr  radiation  into  chemical  energ>-. 
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E^qjeriiDFnts  with  Burning  Mirrors.— The  "Hot-box"  Principle.- 
Mouchot,  Pifrp,  and  ErirsBon .^Eneas'  Solar  Enpnpe.— PropiT- 
tiee  of  Glaaa. — ^lar  Heaters  and  Heservoirs.— Low  TcmpenituR 
Solar  Engines. — Solar  Cooking  Appliances. — Sul&r  Metallurgy,-^ 
RcBuiD^.  —  Quantity  of  Solar  Energy  .^vnilttble.  - 
dynamic  Efiicienry.— Reflecting  Powers  of  Mirror  Surfaces. 

At  present  the  manufacturing  and  commerce  of  the" 
world  is  iTiiiinly  Ciirrioii  im  by  aid  nf  coal  or  internal 
conihiisliun  ciigiiii'S.  whlrh  derive  their  fuel  from  the 
derumpostHj  pnxlucts  of  prehistoric  niasfles  of  vege- 
tation in  wiiirh  were  .stored  a  small  fraction  of  the 
soliir  energy  of  those  bygone  times.  The  mad^ni 
great  development,  of  water  power,  electrically  util- 
ized, also  depends  on  the  sun;  for  by  solar  heating 
water  is  evaporated  from  oceans,  lakes,  rivers,  and  the 
soil,  is  transmitted  inland  and  precipitated  by  the 
atmospheric  circulation  which  the  sun's  heat  main- 
tains, and  comes  in  use  when  it  flows  down  in  the 
rivers.  Another  immense  source  of  water  power,  not 
as  yet  much  utilized,  resides  in  the  ocean  waves  and 
tides,  which  also  depend  in  a  liigh  degree  upon  the 
sun.  It  is  not  necessary  to  discuss  further  these  well- 
known  sources  of  power,  and  we  shall  pass  to  the  vari- 
ous means  which  have  been  proposed  for  usi:^  the 
energy  of  the  solar  rays  more  ilirectly. 
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EIXPERIMENTS   WITH    BultNlNII    MIHROB8 


^P  It  is  Raid  that  durinK  n  mpk^  of  SyraciuKr  in  the  y«ar 
214  u.  c.  ihv  renowned  philosopher  Archiinixiea 
burned  or  spattered  Ihe  Roman  fleet  under  Marrcllus 
by  roncentralinR  Hun  ray«  upon  the  shii>s  by  inean»  of 
mirrore  erected  on  the  shore.  Whatever  may  be  the 
truth  nf  thi**  storj',  which  has  Ikm'U  doubted,  such  meanH 
of  wurfiuv  ore  not  likely  to  he  revived  in  our  day. 

Buffon,  the  French  naturalist  (1707-178S).  tOHtud 
the  p<»wibility  of  the  circumstance  juwt  deMcribed.  In 
1747  he  made  many  pxperiments  with  a  burning  mir- 
ror ct>nntrue(cd  by  mounting  .160  plane  Kisifw  mirrors, 
each  16  X  22  centirneterH.  on  a  frame  in  such  a  man- 
ner  that  enrh  could  l)e  a<ljn»ted  spparalely,  so  that 
all  eould  concrnlratc  their  n^fkH'tnl  myx  to  a  Uk'Mh  at 
any  dpnireii  distance.  Correnpondinn  t-o  the  angular 
diameter  of  the  sun,  the  focus  was  afxmt  44  centi- 
meters in  diameter  at  l»0  mett'rs,  and  pntportlonately 
less  at  short<'r  focal  distaiic*«.  He  found  it  puFwdble 
lo  set  fire  to  wootJ  at  (W  meters.  With  45  ntirrunt  he 
melt4>d  3  kilograniH  of  tin  in  a  pot.  at  6..'i  met«>rs,  and 
with  117  mirrors  melted  silver  at  the  luune  distance. 
Hy  these  exporimentM  he  showed  the  poHSibKily  of  the 
feat  of  war  attributed  to  Archimedes. 

In  1765  Hoe.'jen,  a  mechanician  of  Drtswlen,  began 
to  build  up  mim>r«  of  puraboloidal  curvature.  One 
of  these  was  over  3  meters  in  diameter,  luid  m>  well 

wie  as  to  concentrate  the  sun's  mys  (•>  a  focus  1.3 
mctcnt  in  diameter.  With  one  of  Hocmui's  mir- 
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rors  of  half  this  diameter  Wolf  reduced  many  metal 
ores,  and  melted  coins  almost  instantly. 

The  "Hot-box"  Principle 
De  Saussure  (1740-1799),  the  Swiss  naturalii 
made  five  half  cubes  of  glaas  of  such  sizes  as  to  go  on^ 
within  the  other  with  some  air  space  between.  These 
rested  inverted  on  a  blackened  table  non-conductive 
of  heat.  Thermometers  were  placed  between  ths  | 
vessels  and  in  the  air  outside.  The  one  between  thi 
fourth  and  fifth  vessels  showed  the  highest  tempera^ 
tore,  87,5°  C.  In  later  experiments  with  glass-covered 
vessels  he  protected  the  sides  and  back  of  the  vessel 
from  cooling  by  wrapping  it  with  nonK!onducting , , 
material.  When  the  vessel  was  exposed  to  the  siu 
perpendicularly  he  observed  on  one  occasion  a  teitt'^ 
perature  of  110°  C.  within.  In  one  experiment  he 
heated  the  surrounding  medium,  keeping  its  temper- 
ature just  below  the  inside  temperature,  and  thereby 
practically  prevented  loss  of  heat,  except  throuj 
the  front.  In  this  manner  he  obtained  a  temperatui 
within  of  160°  C.  His  experiments  convinced  him  ' 
that  two,  or  at  most  three,  sheets  of  glass  over  such  a 
hot  box  are  better  than  more.  He  made  some  essays 
at  cooking  with  such  devices. 

Sir  John  Herschel  describes  the  following  t 
ments  made  during  his  sojourn  at  the  Cape  of  ( 
Hope,  1834-1838.' 


ths^ 
tlyfl 

;red 

tssel 

t  he 

per- 

,..-eby 

atur^^ 


'  "Results  ( 
GooiiHopf,"r 
Appendix  C. 


Astronomiciit   OhscrvatioBB  ...  at  the  ( 
!.,  by  Sir  Jolin  K  W.  H.-rarhpl,  Bart.,  published  If 
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"  (43tt)  When,  the  heat  ctiinmumuaUHl  fr»in  the  sun 
ifl  ponfincf]  and  prevented  from  escape,  and  so  fdrrod 
to  Hccumulate,  very  high  temperatures  are  attained. 
ThiM,  in  a  small  inalioKany  box  blackened  inside, 
covered  with  window  glass  fitted  to  size,  but  without 
putty,  and  simply  exposwl  i»erpcndicul)irly  to  the 
sun's  ni>*»,  an  inclosed  thennomctcr  marked,  on  Nov. 
23.I837.l49''F.;onXov.24, 146°,  l.iO",  152°,ete.,etf. 
When  sand  was  heaped  round  the  box,  to  cut  off  the 
COQtAct  of  the  cold  air,  the  temperature  rose  on  Dec. 
3,  1837,  to  177".  And  when  the  same  iwix,  with  its 
enclofipd  thermometer,  -was  established  under  an 
pxtimuU  fnunt!  of  wood  well  sandiHl  uji  at  the  rti<les, 
and  protected  by  a  slieet  of  window  glass  (in  addition 
to  that  of  the  box  within),  the  t^^mperaturos  attjuned 
on  Dr<r.  ,1,  18.17,  wen;  at  Ih  3i)m  H.M.  (Appar.  T.) 
207.0";  at  Ih  5(hii,  217.5";  and  at  2h  44  m.  218°, 
and  1  hat  with  a  sti-jidy  bre<'ze  sweopinji  over  the  point 
of  expocAire.  Again  on  Detr.  5,  under  a  similar  form 
of  ejcpo«ure,  lernperatun's  were  olwerved  at  Oh  Illm, 
of  224';  Oh  29m,  230";  at  Ih  UJm,  239°;at  Ih57m, 
24S*;  and  at  2h  57m,  240.5".  .\s  those  temperatures 
f:u-  iiurpass  that  of  boiling  water,  tmrne  amusing  ex- 
perimentt  were  made  by  exposing  eggs,  fruit,  meat, 
etc.,  in  the  some  nmnncr  {Doc.  21,  IS37,  et  weq.), 
alt  of  which,  after  a  moderate  length  of  exposure, 
wer«  found  [M^rfertly  wMiked  -the  eggs  being  ren- 
dered hard  and  powdery  to  the  center;  and  on  orio 
ovcatdoa  a  very  n^sperlable  stew  of  meat  and  vejto- 
tablcs  vm  prepare*!,  and  i'al«n  with  no  small  n-llih 
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by  the  entertained  bystanders,  I  doubt  not,  thai 
multiplying  the  inclosing  vessels,  constructing  thei 
of  blackened  copper  inside,  insulating  them  from  cor 
tact  with  eacli  other  by  charcoal  supports,  surround- 
ing the  exterior  one  with  cotton,  and  burying  it  s 
surrounded  in  dry  sand,  a  temperature  approachin] 
ignition  might  readily  be  commanded  without  thi 
use  of  lenses. ' ' 

MOUCHOT,    PiFRE,   AND   ERICSSON 

August  Mouchot,  of  Tours,  France,  was  the  great; 
est  pioneer  in  the  utilization  of  solar  heat.  He  began 
his  experinietits  prior  to  1860  and  continued  thena 
for  about  twenty  years  with  aid  from  the  French  gov« 
ermnent.  He  constructed  solar  cooking  appliances, 
and  later  large  machines  for  pumpiug  wateh  which  hi 
installed  in  .Algeria.  Mouchot  published  in  1869  i 
work  entitled  "  La  Chaleur  Solaire  et  ses  Appliww 
tions  Industrielles."  A  second  edition  appeare<l  in 
1879.  He  gives  a  history  of  the  art,  tlescribes  many 
apphcations  of  solar  heat,  and  summarizes  his  own 
work,  including  illustrated  descriptions  of  his  great 
solar  engines,  and  a  report  of  his  mis.sion  to  .\lgeria  U 
install  for  the  Ciovernment  solar  pumping  plants  ii 
the  desert  regions. 

Solar  heaters  after  the  general  form  of  Mouchot'^ 
that  Is  to  say,  with  a  conical  or  paraboloidal  reflector; 
and  glass-encased  tubular  boiler,  were  also  coiv 
strncted  after  the  designs  of  M.  Pifre.  One  of  theat 
was  axhibited  at  the  Tuileries  Garden  in  Paris  iit 
.^66  » 


',  in  combiuatiuii  with  a  xt^am  oriKioo  and  priiit- 
in((  press,  and  many  copies  of  a  paper  called  the 
"Solfil  Jourtial"  were  priiit«d  by  «»lar  power. 

In  America  Captain  John  Ericsson,  the  inventor  of 
the  fuinoUH  "Monitor"  type  of  naval  Vfswels,  devised 
spveral  soUxr  engines,  1808  in  18Sti.  Ho  uned  a  cylin- 
dric  mirror  of  parabolic  cross  8e<,'tion  to  concentrate 
the  rays  upon  a  tube.  A  tw(j-an<i-a-half  horwj-power 
enfcine  actuated  by  one  of  hi.t  nolar  heaters  was  ex- 
hihitiK]  in  New  York  at  the  Am«rican  lastitutu  Fairs 
for  several  ycaTK. 

»  Eneas  Solar  Enoimes 

Kg.  B8  shows  the  snliir  niarhim-  of  A.  (I.  Kwas 
(C.  S.  Patentd  No.  H70,9I»  and  670,917  of  March  26, 


liKHl.    One  of  bin  solar  genrrattire  kiv*  in  iiw  for  a 

lime  at  the  Cawston  Ostrich  Farm  near  I'aMudciui, 
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California,  and  others  in  .\ri20na,  for  pumping  water. 

The  mirror  is  composed  of  facets  of  silvered  glass  ar- 
ranged upon  the  inner  surface  of  a 
hollow  truncated  cone,  whose  sides 
make  an  angle  of  45°  to  the  axis. 

IThe  lai^r  diameter  of  the  cone  is 
•^  stated    as    preferably  as    lai^e    as 

thirty-two  feet,  and  in  several  in- 
stances was  actually  thirty-six  feet. 
Decided  advantage  is  claimed  in 
leaving  the  lower  end  of  the  mirror 
open,  as  it  greatly  diminishes  the 
wind  pressure,  and  the  part  of  the 
cone  omitted  is  not  very  useful  for 
gathering  heat.  The  mounting  shown 
in  the  first  patent  is  neither  equa- 
torial nor  alt-aximutb,  but  this  fea- 
ture was  improved  in  the  second 
by  substitution  of  the  equatorial 
form.  A  canvas  shield  was  provided 
^-  •    '—^  to  protect  the  instrument  from  rain. 

I t/         An  interesting  feature  is  the  form  of 

^""^^^  coastruction  of  the  boUer  shown  in 

u  Fig,  69.     The  solar  rays  are  focussed 

^\^i^^"il    upon  the  tube  F,  and  the  enlarged 
oiNE.  parts,/'  and /^,  are  respectively  above 

and  below  the  focal  region.  The  up- 
per enlargement  is  a  steam  and  water  drum,  the  lower 
a  settling  chamber  for  extracting  foreign  matter  from 
the  water.     Two  concentric  copper  tubes,/  and 
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inwrt  tho  two  PiilarKed  chambers,  so  that  the  water 
falls  in  /  and  rista  in  /",  the  latter  lK>ing  of  omirsc 
the  hotter.  The  tulx?/*  is  enclosed  by  one  or  moro 
gloAs  tubes,  /",  /'^,  whose  purpose  is  Ut  retard  the 
iwcajic  of  heat  from/*  while  adiniltiitt;  ihf  solar  ray«. 

Mr.  Etieas  has  been  good  enough  to  furni»ih  me  the 
foUowitiK  details  as  to  the  cuimtructioti  of  liis  ma- 
chines and  their  efficiency  in  actual  operation: 

"Feb.  14,  1901.  Pasadena.  CiUifoniia.  llh  30m 
to  I2h  30  ni.  C>o8s-f*ectional  area  of  sunshine  inter- 
rept-ed  (H2  sciuare  feet.  Air  tem(>eraturp  til"  F. 
Steam  prwwure  |>er  square  inch  145-151  pounds. 
Steam  condensed  123  p<jun(Ls. 

"Oct.  3,  li)03.  Mesa,  .\rizona.  C'ross  sectional 
area  of  riunahine  intercepted  700  M(|uarf!  foot.  .\ir 
temperature  74"  F.  Average  st^am  pressure  per 
K()uaro  inch  141  |H)unds.  Steam  comlerLsrd  jier  hour 
133  |>ounds.     Time  about  midday. 

"Oct.  9,  I1KH.  Will-ox,  .Vrizona.  Time  1 1  a.m.  to 
12  M.  Crotss  sectional  area  of  ituikthiric  irit<>rcepU>«l 
700  wjuare  feet.  Steam  pressure  per  .'^juare  inch 
14S-156  jKiunds.     Steam  condeiL^  144.5  jiouniLs. 

"The  engines  used  were  of  the  fore  and  aft  com- 
pound condensing  marine  typo,  coniplete  with  direct 
connectcKj  air  and  f«^l  pump.  Size  2^4"X6"X 
4'-^"  and  operate<I  at  4(10  to  520  rcvoluliotis  per  min- 

ut<*.  with  about  ,"    cut  off  and  25"  to  2ll"  vacuum, 
lo 

e  steam  uset)  in  the  engine  was  superheated  about 

'  F.  ID  the  later  tnachtncM. 
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I  find  3.71  BritjHh  Thermal  Units  per  sqoare  foo? 

per  rainut*  given  us  the  greatest  amount  of  heat  ob- 
tainable during  the  trial  runs.  The  machioes  re- 
sembled in  design  Patent  Xo.  670,917  with  equatorial 
mounting.  In  the  liKM  model  the  greatest  and  least 
diameter;^  of  the  mirror  were  36  and  19  feel,  and  the 
an^e  of  mclinatioQ  between  its  axis  and  its  sides  45°. 
The  mirrors  were  made  of  white  glass  similar  to  what 

Chance  Brothere  of  London  make,  and  were  about  — 

16 

inch  thick,  IS  inches  wide,  and  24  incbeis  long,  and 

were  sprung  to  the  curvature  of  the  frame.     White 

gla^  was  used  to  reduce  the  lo.s.s  from  absorption. 

The  area  of  sunshine  intercepted  is  the  net  area  after 

deductii^  for  shadows  caused  by  the    tea-aon  rods 

and  frame  work.     In  the  later  machines  built,  the 

mirrorw  were  set  so  as  to  concentrate  the   reflected 

rays  on  two  part«  of  tlie  boiler  iiLstead  of  its  entire 

length  as  in  the  Pasadena  machine.     Thw    change 

gave  better  re.>*ults"  (perhaps  because  of  the  better 

protection  of  the  remaining  parts  of  the  boiler  by 

non-eonductii^  wTapping  instead  of  gla.ss    tubes). 

"The  total  cost  of  the  machine  complete  with  engine 

and  pump  was  $2,160. 

".\n  average  day's  run   at  Wilcox  gave  results 

about  as  shown  in  table  on  following  page.      Date 

October  14,  1904. 
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**  Vanitim  23.  Gallons  of  water  pumped,  146,780. 
Total  lift  plus  friction  39.4  foot." 

iTIiis  test  w(nil(i  indirat^  an  avernpp  liorsp  power 
for  thp  wholp  day  of  about  ^J.  Fnim  data  to  be 
fj^vt'ii  )m>Iow  it  )iai4  bo4-i)  cutiipul«<l  that  this  nioaiiM  Lhe 
t niiv^fomiation  of  alviut  four  [kt  cent  of  llie  solar 
radiation  inlerrppt^Kl  by  the  inirntr  i!it*>  mechanical 
work.  From  eoal  the  best  engines  tnuutfonn  from 
twelve  to  fift«m  per  wait  of  the  heat  of  combustion 
iuto  mechaiucal  work,  but  probably  not  in  so  Htimtl  a 
plant  9S  this.  The  result  of  course  depends  on  the 
ofGcieney  of  the  uteain  engine  ased,  as  well  iw  on  that 
of  the  Ijoiler.) 

Mr.  Kneai  eontinues: 

"As  a  result  of  my  experience  with  about  nine  dif- 
ferent types  of  large  reflectors,  I  believe:  (I)  That 
with  similar  mirrors  |)crfo<-ted  in  detail:^  alwut  3.90 
British  Theniial  IJiuta  per  square  f(K»t  per  minute 
would  be  the  grcate««t  luuount  of  heat  obtainablu  at 
noontime  in  Arizona  and  other  cloudless  regions  of 
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^iniiUr  Iftritiwii*.  <  2)  That  hf(««r  pmgnKi  in  wti 
tUK  Atlur  hem  <;nnuni^rYnui]y  for  p4iw«r  t^an  be  made 
aloni;  lin«»  liesi-rihwi  in  rhe  EngmeRhtui;  ^tvwa  of  May 
1:1.  lAW.  Buc  the  :u-nuU  •ibtuuung  of  aay  great 
Amount  of  power  fmm  ^lor  ray^  is  9Cill  an  uii»ilved 
pmblem. " 

[f  we  take  rhe  number  i3f  iralories  per  square  <%nti- 
meter  per  minitte  a-vulohie  aa  1.4.  we  find  from  Mr. 
Eneas.  figurRnf  3^71  Briiith  Thenmil  Cnitspersquacc.— 
foot  per  mimite  an  rJie  "greatest  aaiDunt  of  heat  o" 
Eatnabte  durinn  the  triiti  run»"  tbnt  about  9event3 
two  per  m*nf  of  flhe  ^olar  fa«fiatir)n  was  turned  into" 
hesS  in  ^tr:i.m.  Hu4  eMrimated  mfljdmiiin  possible 
Mimhftr  (S.!K)  B.  T.  U.)  mrrwp-imiM  to  ^^evaity-jLt 
per  cent.  TKw  is  reaily  a  very  satisfactory  result. 
The  maximmn  steam  pressures  recorded  cocifeipood 
to  » tenpenttne  of  about  1^"  C.  m 

Pworamta  or  Gusb  ^ 

The  uKe  of  one  or  more  ^aw  eaongs  as  an  adjunct 
to  the  boiler  of  the  Eoess  solar  eo^oe  b  quite  analo- 
goui)  U>  the  u»e  of  glass  by  de  Satusore,  Herschel,  and 
Mmichot,  and  also  to  its  commoQ  use  by  gardeners 
over  their  hotbeds.  Gla»i  tnutsnits  radiation  very 
freely  between  wave  lengths  O.dJft  in  the  uJtra-violet 
and  2.d^  in  the  infra-red.  This  range,  ais  indicated 
by  Fig.  26,  includes  nearly  all  the  .solar  radiation. 
The  interposition  of  a  single  thin  glass  plate  in  a 
beam  of  minlight  diminishes  the  intensity  about  fif- 
teen per  cent.     This  decrease  is  owing  principally  t 
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reflection.  Tho  rayn  cmittwi  hy  the  ouUtd<>  of  tho 
builcr,  if  wc  t^tiinat^  iU  tenijierature  at  500"  ftl)si>- 
Iut€  CentiKnule,  would  Imve  Ihrir  wave  Ivnglli  of 
niaxiinuiii  iiiteatily  at  about  6^  aiid  would  be  almost 
wholly  prrvpnted  from  directly  cscapiiifi;  as  radiation 
by  thu  glass.  A  large  fraction  would  suffer  "  metallic 
reflection"  by  the  glass  back  to  the  iKiiler  tube,  and 
tho  remainder,  being  alisorbcd  in  the  gla^s  it^lf, 
would  tend  to  raioe  its  temperature  and  that  of  the 
air  Bpace,  and  »o  to  iliminish  convection  from  the 
l)oilcr  t^)  the  gliLss.  Furthermore,  the  glass  also  pro- 
ventH  wind  fmm  blowing  on  the  Itoiler,  and  cuU  off 
alt  direct  eonveetion  of  heat  to  the  oui!%ide  air,  which 
is  fully  afi  valuable  a  function  iif*  the  n^siraitit  of  out- 
ward radiation.  Thuft,  the  empluyment  of  the  ghu« 
greatly  pntinotes  the  efficiency  of  l^e  device,  for  it 
nuHCN  docideiily  the  t(uiiperatuni  of  the  Ixiiler.  We 
^all  nutico  below  the  connection  betwt«n  tcmpcra- 
turo  and  the  possible  thennwlynamic  efficiency  of  the 
en^Dc. 

We  have  already  given  the  interesting  story  told 
by  Sir  John  Herschel  of  the  dinner  he  c(H>ked  under 
glass  by  solar  bent,  llic  late  Secretary  S.  I*.  Lang- 
ley  was  greatly  interested  by  this  story  and  had  more 
than  one  "hot  box"  construrted  on  similar  priuci- 
plert,  Tlie  writ<^  deKiKnc<l  one  nf  thcin.  It  con- 
sisted of  two  round  shallow  wooden  boxes,  the  inner 
one  50  centimeters  in  diameter,  the  outer  (>0  centi- 
meters, placetl  concentrically  one  within  the  other 
and  each  covered  by  a  tightly  fitting  glass  plattv    The 
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boxes  were  further  proteeteil  by  a  layer  nf  fealhi 
about  10  centimeters  thick  all  around  the  sides 
back  of  the  outer  box.     The  inner  one  had  a  bli 
ened  metal  sheet  near  its  bottom,  and  suspended  a 
Httle  above   this  a  blackened   thermometer.     The 
whole  device  was  mounted  equatorially  and  kept 
toward  the  sun.     On  November  4,  1897,  at  Washii 
ton,  operating  with  three  glass  plates,  the  thermoi 
eter  reached  118°  C.  while  the  outside  temperati 
was  16°  C. 

The  question  might  be  asked  whether  much  highi 
temperatures  are  not  practicable  to  attain  in  such  a 
manner  without  niirnars  or  lenses  to  concentrate  the 
heat.     Perhaps  witli  better  construction  it  might  ba. 
possible  even  to  reach  200"  C.  with  such  cnntrivant 
The  limiting  temperature  is  reached  when  the  soli 
heat  introduced  is  balanced  by  the  escape  of  heat 
conduction  through  the  glasses  and  through  the 
sulatiiig  material  at  the  back.     The  effective  los 
diminish  with  increasing  thickness  of  insulating 
terial,  increasing  area  of  the  "hot  box, "  and  inci 
ing  numbers  of  glass  plates.     But,  unfortunately,  the 
increase  of  the  number  of  glass  plates  diminishes  the 
quantity  of  solar  radiation  reaching  the  inner  cham- 
ber, so  that,  as  found  by  de  Saussure,  two  or  thi 
glasses  give  best  results.     The  writer  has  tested  wil 
the  following  results  the  effect  of  introducing  in  a' 
beam  of  sunlight  at  normal  and  also  45"  incidence 
successive  plates  of  the  common  glass  1.5  to  2.0  milli- 
meters thick  used  for  8X10  photographi' 
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platcfl  8  to  10  nullunet<.>ni  thick  uaeil  ftir  instrument 
coven: 

Ftreudage  tranamiuiim  i^  gloM  plait*. 
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Sot^R  Heaters  and  RedsiivoiRs 
U.  S.  Patent  No.  230.323  of  July  20,  IS80,  was  w- 
supd  to  Mi-KMiM.  Molora  mul  Olman,  who  propoMnl  to 
omit  (hp  dwtly  luifl  inlricat«  optical  devices  for  con- 
centratitiK  the  solar  hi-at  an  u«v*l  by  Mouchot,  Krint- 
i«»n,  and  otlu-rs,  iiiul  even  tlie  tnechanicAl  doviflen  for 
I)rpsentinR  the  heatrr  hroadnide  toward  the  sun.  They 
]>ropo»ied  a  horizonlul  boiler  e<)in|)o>iwl  either  of  a 
large  niinibt>r  of  hiackciied  tubei^  laid  side  by  .side, 
or  a  pair  of  plat4%  oncloKinn  a  thin  stratum  of  liquid, 
and  communieating  in  either  eaj»e  with  a  suitable 
engine  desipiwl  for  working  at  low  tempemtures. 
These  inventors  make  no  mention  of  a  glass  cover  for 
their  boiler,  but  its  introdtiotion  would  iindoubte<l]y 
have  inereased  the  efficiency  of  their  apparatus  very 
greatly. 

The  erection  upon  the  roof  of  n  building  of  a  series 
of  water  taiUcs  pr()te<'ted  by  a  non-conducting  mate- 
rial at  the  bark,  ntid  by  agla>«4  cover  alxive,  and  com- 
municatiog  with  tfao  water  Byslcm  of  the  bath,  is 
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ntuch  useii  m  Simthem  California,  aiid  duubtli 
elsewhere,  an  a  means  of  pmnding  wami  water.  Such 
devices  ordinarily  funiisli  a  considerable  supply  of 
water  too  hot  to  bear  the  naked  hand  ui,  and  save  the, 
discomfort  of  fire  in  warm  weather. 

In  all  countries  the  sun  is  obscured  more  or  less 
the  time  by  clouds  and  during  the  night  hours,  so" 
that  various  inventors  have  proposed  the  combina- 
tion of  a  device  for  gathering  solar  heat  and  a  large 
heat  reservoir,  which  usually  takes  the  form  of  a  tank 
of  water  haWng  non-conducting  walls,  and  is  situated 
above  the  level  of  the  heater,  to  which  it  cominuiii- 
cates  by  pipiw.  U.  S.  Patent  No.  784,005  of  Feb.  28, 
1905,  to  E.  C.  Ketchum  recognizes  such  features  in 
combination  with  a  vaporizing  chamber  situated 
within  the  reservoir,  and  containing  some  vaporizable 
liquid  suitable  for  running  a  low  temjierature  engine. 
In  the  event  of  a  very  prolonged  cloudy  spell  the  in- 
ventor proposes  also  a  furnace  for  heating  the  reser- 
voir independently  of  the  sun. 


Low  Temperature  Solar  Engines 
Within  the  last  ten  years,  at  least  two  serious 
tempts  have  been  made  to  devise  commercially  ei 
nomical  means  of  employing  the  hot-box  principle  lof* 
power.  Both  series  of  experiments  are  described  in 
the  Engineering  f^ews  for  May  13,  1909,  referred  to 
by  Mr.  Eneas.  The  inventors  are  Mr,  F.  Shunian,  of 
Philadelphia  and  Messrs.  H,  E.  Willsie  and  J.  Boyle, 
Jr.,  of  Cranford,  N.  J.  The  Shuman  heat  absorber  is 
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ivel  bard  rolli-d  plot  of  Krinimi  reiuiereil  waterprwir 
hy  riiverinf;  it  with  asphaltiim  and  cnclortcd  by  plutik 
|iartitiuiu(  rising  u  fnw  im-hfM  alxive  the  bottom.  In 
this  tank  wat^ir  is  filled  to  a  level  of  about  throe  inches 
and  over  it  a  thin  layer  of  parafTin,  which  of  course 
tnf;itfi  in  Ihc  sun,  and  liinders  evaiH>ratioii  and  radia- 
tion from  the  water  surface,  while  traiu^nuttiuK  '''* 
Kolar  rays  to  the  water  and  asphaltum.  The  whole 
tank  m  tiglilly  covered  with  a  single  layer  of  glu!>«  set 
in  oiled  rotton  parking.  Wind  wreens  are  erected 
to  protect  the  tank  from  convection  lossot.  The  cost 
of  Ruch  mnstnietion  is  said  not  to  exceed  twenty-five 
cenU  per  stjuan'  fiMJt,  and  it  in  expw^twl  t<»  prftduce  a 
h<»n«  power  for  each  IGQ  square  fe«rt  (it  is  not  «tat«d 
if  this  is  the  averajte  of  nil  conditions  or  only  the  re- 
sult in  the  most  favorable  hours,  but  almost  certainly 
it  tH  llic  lattt-rt.  Tlie  water  flows  from  the  heater  to  a 
st«am  turbine  operateii  in  connection  with  a  vacuum 
pump.  vWiumingan  initial  temjM'raturoof202*  F".,the 
vacuum  causes  the  explosion  of  perhaps  ten  per  cent 
of  wal«r  into  steam  and  the  reduction  of  the  tem- 
perature of  the  nilxod  sUtam  and  water  to  about 
102°  F. 

.\s  the  maximum  possible  thermod>-namic  effi- 
ciency under  such  conditions  is  fifteen  per  cent,  it  ui 
unlikely  that  as  much  as  five  per  cent  of  the  sun's 
heat  can  l>e  converted  bito  mechanical  work.  .\ 
large  storage  re«er\'oir,  built  below  ground  and  well 
insulaltHl,  is  connected  with  the  apparatus  in  such  a 
manner  that  the  exc4.-ss  of  hot  water  during  the  liut- 
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test  part  of  the  day  goes  in  at  the  top  of  the  reservoi 
while  water  from  the  bottom  of  the  reservoir  is  witl 
drawn  to  supply  tlmt  withdrawn  from  the  heatinj 
tank.  During  the  raoming  and  evening  hours, 
under  cloudy  conditions,  the  motor  can  be  run  from 
the  reservoir.  The  plant  is  still  in  the  experimentaj 
stage,  but  appears  to  be  well  planned,  and  promise 
considerable  success. 

The  apparatus  of  Messrs.  Willsie  and  Boyle  hai 
been  more  thoroughly  tried,  so  that  Mr.  Willsie  giveaj 
actual  figures  as  to  cost  and  efficiency.     They  prefer'! 
to  build  an  entirely  wooden  basin  coated  with  asphalt, 
for  they  find  the  -sand  e\eri  of  the  desert  to  contain 
moisture  which  iiijures  its  quality  for  a  non-conductor 
of  heat.     In  order  to  promote  a  more  rapid  circula*J 
tion  of  the  water,  and  its  consequent  higher  efficiency^ 
to  absorb  heat,  they  incline  tlie  basin.     In  their  latest 
construction  the  water  runs  from  a  first  basin  with 
one  glass  cover  to  a  second  with  two,  and  from  this  it 
drips  over  a  row  of  pipes  contaiiiing  sulphur  dioxidej 
gas.     They  employ  a  low  pressure  sulphur  dioxide! 
engine  of  the  type  developed    n  Germany  by  Pro-! 
fessor  Josse.    In  their  experiments  they  run  betwe* 
temperatures  approximating  200°  F.  and  100°  F.,  but] 
at  midday  their  heater  sometimes  reaches  nearly  26( 
F.     They  also  combine  their  apparatus  with  a  lai 
reservoir  for  use  at  night  or  in  cloudy  weather.    Foud 
installations  have  been  erected  by  Willsie  and  Boyle; 
the  first  at  the  St.  Louis  Exposition,  the  others  a^ 
Needles,  Arizona,  a  place  that  all  travelers  who  havi 


H*ii  tliurc  will  agree  is  well  qualified  fur  px|>crimeiits 
with  rtolar  heat!  Mr.  Willsie  estiuiat«H  the  cost  of 
inHtalliiiii;  a  Kuii-puwcr  plant  at  S104  |X!r  horw  |>o«-er, 

Pid  ihc  c(wt  of  operaliiiK  400-horwspower  steouj- 
BCtric  and  solar-electric  plant;*  In  desert  regions  at 
08  and  0.61  eentH  pvr  (>lertric  h»nie-power  hour, 
qMctivdy. 

HOLAK   COOKINC    .Vpl'LIANrBS 

Experiment*  in  wilar  cookinn  which  attracti»d  con- 
8id(>rablc  public  attrition  were  made  in  187S  by  W. 
Adams  of  Bombay,  Intlia.  Fig.  70  nhfiWH  tlie  verj* 
mmple  tt[»paratu«  employed  by  hiin  for  cookitig  pur- 
ix)i*e!*.  The  ciKlit-sidixl  conical  con<'ciilrator  was 
niiulc  of  wckhI  lined  with  Kilvcn-d  glaKS.  It  wob 
iiiiilted  ui>un  a  Ixturd  luid  adjuMtt^tl  by  ii  wedfp;  and  by 
itating  the  boan!  so  an  to  face  the  Rtin.     Tlie  potd- 

in  of  the  apjiaratun  n^tiuin-d  to  Ik*  rhuiifced  about 
once  CAch  half  hour.  The  conkiiiR  v«»si<c!  of  copper 
wa.-i  enoloMHl  in  a  glaHs  cjihc  and  fixfvl  to  the  back  of 
the  concent nit^)r.  Mr.  Adams  wrote  to  the  .SnVn/i/ic 
attmcricnn,'  that  the  mtioiu*  of  seven  soldiers,  comtiitb- 
b(t  of  meat  and  ve^tables,  were  thomujihly  eooked 
by  it  in  a  couple  of  hours,  in  January,  the  eoldcwt 
nwnth  of  the  year  in  Bombay;  and  that  the  men  de- 
clared the  food  to  U>  cooktvl  much  Ixttter  than  in  the 
ordinary  manner.  It  waM  also  tried  with  8uce«88  by 
neverul  |)eople  in  B«)ml>ay  and  in  the  Dorcan.     The 
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1  is  slewed  or  baked,  acconling  an  the  steam  is  re- 
inod  or  allowed  to  escape.  Adams'  reflector  was 
1  feet  four  inched  in  diameter. 

Solar  Metalllhuiy 


fihi 
oft 
Beudee  devicen  for  pro<lufing  power,  for  cooking, 
mA:ftK  wanninK  wat«r  for  domestic  purpoHen,  by 
•dhili'liiat,  we  may  note  its  proposed  application  for 
metallurgy.     I'.  S.  Patent  No.  277,S84  of  May  22, 
ISS3,  waM  Rraiitcd  to  John  <'Iark  of  England  for  a 
"Method  of  Reducinti  Metalw  fmm  their  Ores. "  The 
^L^ventor  propoitcx  to  use  a  concave  mirror  built  of 
^^pegmonts    of    silvere<l    glam    or    burnished    metal, 
^^  mounted  in  a  manner  convenient  to  face  the  sun,  and 
adaptml  t^i  fociiM  the  mtlar  rays  upon  a  stick  of  ore, 
fur  instance  of  the  oxide  or  chloride  of  aluminum  or 
^lesium,  formed  into  a  (^invenient.  shape  by  com- 
ssicm  from  the  powdered  substance.    He  projKweit 
[rither  to  mix  solid  rrdncinR  agenttt  with  the  ore  or 
t,  when  the  ore  is  heaUHi  t^>  a  suitable  l<>mperalure, 
1  convey  a  gaseous  reducing  agent,  as  hydnigen  or 
Bflarbon  monoxide,  to  the  incantlesrenl  material.  The 
■4xce>v>  of  the  rftducinn  ofif^nt  is  sup|>osed  to  prevent 
beoxidation  of  the  reduced  metal,  hut  thl"  may  be 
rther  guarded  against  by  enclosing  the  whole  ap- 
■atua  in  a  glam  nj<jfe<l  (■haml>er  filled  with  a  neu- 
Inl  or  reducing  gas.     The  advantage  claimed  for  the 
pniposed  use  of  solar  rather  than  other  nourcew  of 
heat  is  the  fact,  that  a  veri-  high  temperature  can  thus 
i  readilv  ohtainiHl. 
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Resujme 
In  the  preceding  jxigcs  we  have  noted  varioi 
devices  which,  singly  or  in  combination,  have  bi 
employed  by  numerous  inventors  for  the  utilizatioi 
of  solar  heat.     They  comprise  first  a  large  surface 
for  receiving  the  sun's  rays.     This  may  be  fixed  in  a 
horizontal  or  other  preferred  position,  or  progress- 
ively inclined  by  suitable  mechajiism  to  suit  the  posi- 
tion of  the  sun.     In  the  former  case  the  surface  is 
blackened  to  promote  absorption,  and  the  heat  thus 
derived  is  communicated  to  some  Uquid  for  domesti 
use  or  for  the  running  of  a  low  temperature  heat  ei 
More  commonly  mirrors  (or  sometimes  lens 
or  prisms)  are  pro\'ided  for  concentrating  the  rays 
an  approximate  focus.     Usually  the  mirror  is  com- 
posed of  a  large  niunber  of  facets  of  plane  silvej 
glass  or  biu-nished  metal  arranged  upon  a  frame 
suitable  general  curvature.     Tlie  form  of  the  reflect^ 
ing  combination  may  be  a  paraboloiil,  or  cone  of  re' 
olution,  or  an  arc  of  a  cyUnder  of  paraboUc  cross  sec- 
tion.    At  the  approximate  center  of  concentration 
of  the  rays  is  located  a  heater  for  the  ore  to  be  reduced 
or  the  Uquid  to  be  vaporized.  Advantage  is  gained  in 
this  case,  and  also  in  the  fixeil  forms  of  solar  heatefj 
by  encasing  the  heated  part  with  glass  in  the  dire( 
tion  from  which  come  the  solar  rays,  and  protecting 
it  by  non-conductors  of  heat  in  other  directions.    The 
means  of  presenting  apparatus  to  the  sun  usually  em- 
ployed by  astronomers,  such  as  the  English  type 
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fork  equaUirial  mmmtiriR.  wtucli  would  Koem  to 
be  excc'lU'inIy  adaptixl  for  tho  purpose,  do  not  appear 
to  liAve  ap|>pal(>(l  Ui  tho  solar  (■tiKinti  invimUirs,  as  a 
rule.  Tlioy  have  Ronorally  lUivisod  iriore  complex 
nierhanioal  inovemeiit»  for  their  purposes,  Including 
rircular  trarks,  slotted  hinged  uprights,  intermediate 
types  Iwtwocn  the  alt^azimuth  and  aiuaUmal  forma 
of  mounting,  et<!.  Excepting  the  solar  heaters  for 
liath  purpofes  ammionly  installwl  in  the  nnifs  of 
liou»et,  it  docs  nut  up|)eur  thut  upplianccA  fur  utitieing 
Molar  heat  are  yet  introtiuce<l  with  economical  snccew 
in  practiee,  fur  although  mucli  work  luw  Ijcen  dcmc  in 
this  line  for  centuries,  we  hardly  ever  .see  any  of  the 
machines. 

Wp  shall  conclude  this  cliaptJir  by  a  trorisideralion 
of  Mime  uf  (he  data  to  be  used  in  the  design  of  ttolar 
heat  apparatuti. 

Qt'.\NTiTY  uy  SoLAji  Kneruy  .\vaii,\bi,e 
We  may  fin*t  inquire  how  much  solar  radiation  is 
available.  The  follou-ing  ilata  are  competed  fmm 
the  SmithMJiiian  pyrheliometrie  ubeervations  at 
Washington  and  Mount  Wilson.  Sun  rays  may  bo 
received  on  a  surfoiw  at  right  angles  to  tho  beam 
<"  normal  incidence"),  in  which  c&sp.  the  surface  mu.st 
be  moved  by  suitable  mechanism  to  follow  the  ap- 
parent motion  of  the  imn  in  tho  heaven.-*,  On  the 
other  hand,  the  ra>-s  may  be  receivwl  on  a  fixe<i  hnri- 
zontal  Hurfuce,  in  which  cam  their  intensity  will 
diminish  as  the  cosine  of  the  sun's  xnnith  diattonce. 
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Id  eitlier  case  tbere  is  the  decrcue  frf  tbe  intemity  of 
the  la^  depeOfdiDg  on  tbe  length  of  path  in  the  at- 

Fig. 


^^ 


71  gi\-es  I  he 
mean  intensity 
of  direct  sun- 
shine in  calo- 
ries pa*  square 
centimeter  per 
minute  for 
Mount  Wilson 
and  Washing- 
ton. Horizon- 
tal distances 
give  "air  mass- 
es, "or,  in  other 
words,  secanla 
uf  the  isenith 
5  dinlanpes  of  the 
sun'.  Vertical 
dLitaiices  are 
calories.  One 
pair  of  curves, 
III  and  rV',  is 
for  the  receiv- 
ing surface    horizontal,  the  others,   I  and   II,  for 


I  stcz    2  3  4 

Fio.  71. — IsmEjiBrrT  or  Sl-k  Ritk.    (Mou 

WUkid  anil  WashinKliiii.) 

I,  II.  Naraial  inriili'iuv.      III.  IV.  du 

horiioutid  aurfBce. 


^^  rxVn 


Thfi  wwiint  of  thi-  Ki-nith  distance  cpofcs  Ui  reprrsent  closoly  ihe 
,rmAH"ror»!nillidistanr«eabove7S!'i^°wheres«<'.Z  -  S.  From 
le  meMuremenU  madr  at  vi^ry  low  aun  the  data  given  below  are 
rxt^ndod  to  sun  rising  and  wKiiiK. 
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"normal  incidence."    The  curves  I  and  III  an?  for 
Mount  Wilriun. 

In  Fig.  72  (upper  half)  i»  nhown  for  sea,  level  an<i 
fiOOf)  fe(?t  elevation,  h«th  far  horizontal  and  noniial 
incidence,  the  nmrch  of  the  sun's  direct  radiation 


Fin.  73. — ImrnMaiTT  or  Souh  tUnrt-noM. 
Sok-Ji^vd   ami  lt.OOO-fi!Pt  Blpv»iion-     NonnnJ   Innd^nw    and   on   hurt- 


from  n<H)n  to  sunset  on  December  22.  Kebruarj-  17 
(and  October  25),  March  21  (and  September  23), 
April  22  (and  August  22).  June  22.  at  which  timrsi 
the sun'i*  declination  is -23'^"  -12°.  and  0".  +  12" 
+  2.'i'  ■/'.  respeetively.  The  data  are  compuletl  for 
latitude  .IS"  X.  Horia>ntaI  diRtanee»i  give  the  houre, 
38.% 
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and  vertical  distances  the  calories  per  square  ceniH 
meter  per  minute.  Similar  computations  have  been 
made  for  latitudes  20°  N.,  30^  X.,  and  45'  N.,  but 
are  not  shown  in  Fig.  72,  From  these  results  come 
the  data  represented  in  the  lower  half  of  Fig,  72.  The 
curves  show  the  number  of  calories  of  solar  heating 
per  square  ceiitinielcr  per  day  falling  in  cloudless 
weather  on  surfaces  at  horizontal  and  normal  inci- 
dence, at  sea-level  and  6000  feet  altitude  respectively 
for  the  given  latitudes.  In  each  group  the  two 
upper  curves  are  for  normal  incidence;  the  highest 
for  6000  feet  elevation.  In  the  following  table  is  a 
8immiar\'  of  the  whole  matter  expressed  in  calories 
per  square  centimeter  per  year,  and  also  in  square 
feet  r«|uired  on  the  average  per  horse-power  assum- 
ing complete  abs()rt>tion  and  transformation,  and  the 
sun  to  shine  261,000  minutes  per  year. 


.s™^ 

■ 

»-.™i 

B.OIW  twl 

8»^,«l 

8,000  r«i 

30" 
38° 
45° 

202.000 
287.000 
271,000 
270.000 

362.000 
355,000 
»42,O0O 
340.000 

18.1.000 

1711,1100 
l.i2,(K10 
137.000 

226.000 
203,000 
1S5.000 
169,000 

Cnlorir*  pe^ 
MH.peryw 

20' 
30° 
38° 
45° 

10  5 
10  7 
11.3 
„,4 

8.5 
88 
ff.O 
9  1 

16.6 
18-1 
20.2 
22.4 

13.6 
15.1 
16  6 
18,2 

Averac?  aq,  1 
per  Wee* 
powM 

It  is  not  difficult  to  absorb  ninety-five  per  cenl 
the  solar  radiation  falling  upon  a  surface.     Land 
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is  eiiiploj-ecl  as  aii  nhwirlxr  if  the  t^miHTaturv 
Ik  low,  mid  pitttinuiii  bbu-k  elwtrulylically  dcptwited 
if  fhi!  (cniperature,  is  so  high  as  tu  bum  nfT  lamphlock. 
Tliere  arr  nuuiy  regions  nf  the  earth  where  tlie  days 
arc  seventy-five  to  ninety  per  Miit  cloudlcwH,  or  even 
more.  Hence  wo  niay  conclude  that  there  arc  nmiiy 
r«gictns  where  for  the  average  daylight  hours  it  Is 
pnu.-tical>lc  to  absorb  on  a  surface  of  from  one  to  two 
square  yards  solar  heat  mechanically  e(|uivalent  to  a 
home-power.  Hut  in  the  pnulurtion  of  merhaniral 
power  from  solar  heat  only  a  suiall  fXTt'orituge  in  ac- 
tually utiliw"!. 

THERMonVNAMrc   KFFinP-NPY 
It  is  shown  in  works  on  Thonnodynamics  that  u 
perfect  engine  takiiifc  in  heat  at  the  aliMihile  temper- 
ature T|,  and  rejecting  it  at  Tj,  con  transfonn  otdy 

T  —  T 
the  fraction      ''_~    ^  of  the  heat  into  nicchuiiioul 

work.     For  illustration,  suppose  the  engine  taking  in 

heat  at  the  Uiiling  [K»iiit  of  water.  .IZ^r  (',  absolute, 

and  rejecting  it  at  the  freezing  jKiint,  '27'.i°,  the  maxi- 

100 
numi  efficiency  possible  will  then  Ix*  =  26.S  per 

cent.  Thin  thermodynamic  law  gives  the  efficiency 
of  a  perfect  engine,  and  it  diHM  not  matter  what  its 
lULture,  if  its  actuating  energy  is  heAt.  .\  thcrrno- 
eW-lrical  engine  or  a  steam  engine  ant  both  hmt  en- 
ginett,  and  their  efficiency  cannot  exceed  that  calcu- 
lated by  the  above  rule.     In  fiu^t,  however,  no  hpAt 
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eri^c  is  perfect,  aiid  the  best  triple  expaiisinti 
densing  Ht«ani  engines,  with  the  best  coiistructo( 
boilers,  hardly  ever  convert  as  much  as  fifteen  per 
cent  of  the  heat  of  combustion  of  the  coal  they  con- 
sume into  work.     If  a  heat  engine  works  from  a  verj' 

T,  —  T, 
high  temperature  to  a  low  one,  the  fraction 


may  approach  nearly  to  unity. 


Ti 

For  instance,  sup- 


pose T,  =  1000°  and  T^  =  300'  then  -'  -  -  ^'  =  70 

per  cent.  This  accounts  in  part  for  the  high  effi- 
ciency of  internal  explosion  engines,  which  develop 
high  temperatures  in  their  cylinders,  and  often  con- 
vert twenty-five  per  cent  of  the  lieat  of  combuKtion  of 
their  fuel  into  work.  On  the  other  hand,  the  losses  of 
heat  by  conduction,  convection,  and  radiation  in- 
crease rapidly  ^ith  rising  temperatures,  so  that  if 
engines  are  used  at  very  high  temperatures  the  thi 
modynamic  gain  may  be  counterbalanced  by  a  pi 
tical  loss. 


Reflecting  Power  op  Mirror  Sukfacbs 

Tabu:  XXX..—Pereenlage   rcjietiing  power  of  atrioui  aurfaetl 


heJ 
rac^H 


W»yB  Lbnirii 

0.3S». 

f>Aait 

a.«v 

O.S(V 

- 

..,. 

n.80(. 

i.otv 

1.50.. 

Glwi-.  rilvrrert  on  fawk. 

T* 

87 

eu 

9U 

70 

73 

67 

8S 

M 
70 

1 

gta%ST&.i. 

1 

NickrI  <EI«itn>Lyl.  I>p.) 
Spimilmo  owtiJ 

rroiB  coaW  on  the  back  difTetB  greatly 
IS  usoH.     Sninplf  A  is  onlioary  opli< 
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Taking  ull  MiingH  into  coiir^iilemliini,  ^iiuv  plitlrn 
ftilvnTcd  on  thu  biick  are  prububly  tlic  l>csl  muU'riiUx 
for  conHtnictiiiK  tlin  nurntrs  of  wiar  hoatom. 

One  may  well  qmwtiDn  whether  tli«  solar  lyiRinc  of 
the  future  will  have  mirnirs  and  driving  iiierhnnixiu. 
The  "hot  box"  of  do  Sauasurt'  uud  Sir  John  llersche! 
BM  applied  by  WilUie  and  Boyle  and  Shunian  i^  so 
rheap  that  (he  low  ellicietK'y  tmmparahte  fmni  it?  low 
working  temperature  seerns  not  to  bar  its  iLse  com- 
niprciftlly.  Some  Rain  in  efficiency  may  be  made  by 
in!<tallinti  the  fixed  healing  svirfan'  parallel  t<o  the 
rarth'i*  axis  instead  of  horizontal,  but  pcrhajw  the 
increased  "wt  may  offset  thin  gain.  The  efficiency 
of  the  apparatus  dejiends  on  tlie  excellenci?  of  the 
rIums  pro(«ct)on  in  frotit,  If  one  could,  in  achUtion, 
make  n  vaeuuni  under  the  kIuhs  economically,  the 
effieicnoy  would  Im-  nuich  higher.  Tbijt  device  de- 
Bi!r%"es  much  attention. 

It  iK!em»  higlily  probable  that  Holar  cnnking  uten- 
kiIm,  combined  with  water  heaters  aiid  heat  rcHervoin, 
&nd  embotlying  the  "fipeless  c<K)ker"  principle,  will 
came  into  ext^rnsive  use.  For  it  is  not  hard  tr>  Bee 
that  very  inexpensive  apptLratus  may  be  designed  for 
rombining  these  utilitiei*,  and  that  housekeepew  will 
welcome  a  rdief  from  the  hot  kitchen  conditions  of 
iiummer. 

flint  ihw*,  13  rollliinrtMn  tliirk.  Mlrtml  on  thf  twk  l>y  rbrmii-al 
i]i?p(»dUun.  Sani[<l<'  B  ut  unlinnO'  oonimrtvlal  I'lftlr  tdaw  o(  ■ 
cnwnUh  lirwr.  almut  S  milUiwU'ni  thirk,  idniilnri)'  ■iliTtw!  TV 
IClMa  uf  MUiipIr  H  ("''''"■pi*  Ixf  **)  bbaorptluii  tinml  in  (h<-  uftfn-t  iiifnt' 
ml  Kprriniin. 
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Good 


aii^iding  rtt^y  and  oonqitii 
de\ioe=  \ikfi\  U*  require  frequent 
atteotion,  candMnMl  with  a  fuller  knowlodge  of  the 
propatiea  of  materi&b  avsilalile,  and  c^'eniess  in 
adapliog  means  tu  promote  efficient  results, — these  if 
aupported  by  a  oMidefate  oatlaj  of  moDey  fen*  experi- 
nieatal  work  may  pertiap^  mmid  make  the  utilisation 
of  K^ar  «tket£>-  ver>'  exteo^ve. 


CHAPTER  X 

THE  StrN  AMONfi  THK  BTAR8 

Ouitiknnii. — MitKnttiiilrn.-^un'ii  Maicniluili'  and  LiRbL 
EmuMoo.— {felnr  Motiuii.^iUir  (lruu|». — DoiiliU-  Klare. —  SlrU 
lor  Mnwrii  anil  llinintini.  —  Mirik  (Vtl  nnil  ihr-  8iin,  -  Slollnr 
Bpiwtra.  ^  Tlie  Ukiaifimtiun  of  8uiUiir  Sjn^i'lni.  —  Kniltatiun 
Dbtrilnition. -Kvtiluliun  of  Uii'  Hokr  Sysutn.-Ktrlbir  Evolii- 


At  first  gluiictt  the  slan*  appt-ar  to  In;  alxtut  ait  much 
like  thf  >mn  an  Iho  lircfli&t  uf  a  Hunmirr  iiif^it.  It  in 
only  pnilutiRixl  invi>:MtiKation  which  hoH  proved  that 
the  dun  in  merely  a  Mar,  and  by  nn  mcaiis  the  larfcntt 
of  them;  and  that  if  the  nun  wliould  b*;  removed  a 
great  distance  it  would  appear  like  nnc  of  the  Rtare. 
Tlie  Copernicran  view  (hat  tlie  «un  i»  the  center 
about  whii;h  the  earth  and  planets  revolve  seemed 
satisfactory  enough  as  far  as  oonremed  the  solar 
pj-slem,  but  was  for  centuries  hard  of  beUef  aa 
regardi!^  the  stars.  For  it  requireil  the  asKumption 
that  these  were  all  m  distant  that  the  enormous  d»- 
plaeement  of  the  earth  in  mpaco  between  summer  and 
winter  pnxluced  no  nieasureable  changes  in  their  I^>• 
parent  relative  positions.  If  the  reader  wilt  walk  a 
hundred  |»ice»  in  any  direction  within  a  forest,  ho  will 
instantly  emh>  that  the  tn>es  ehange  their  relative  direc- 
from  him,  and  if  he  rides  in  the  car*  he  perccivcm 
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that  tbe  forf^round  or  the  Isiwfecape  appears  to  r^l 
volve.  CM>jects  at  greater  and  greater  distances  from 
hiio  are  seen  to  be  less  and  leas  apparently  ai?ected 
Mliong  themnclveit  by  hia  motion.  Accordingly,  if  the 
uUWUHDor  of  a  oentury  ago  agreed  with  Copernicus 
be  had  to  bdieve  that  Rince  the  stars  do  not.  sensibly 
change  in  their  relative  positions  during  the  year, 
they  are  so  distant  from  the  earth  that  a  displacement 
of  between  one  and  two  hundred  million  mites  in  the 
position  of  tlie  earth  as  viewed  from  the  nearest  star 
«ubteiul«l  an  angle  t«()  small  for  him  to  measure.  En 
other  wiirds,  as  iio  could  observe  changes  as  small  as  a 
couple  of  seconds  of  arc,  he  had  to  beUeve  that  the 
Stan,  were  at  any  rate  all  m^re  than  100,000.000  X 
100,000  miles  away.  In  our  day  we  know  that  this 
is  i«),  for  the  distances  of  some  of  them  have  actually 
l>eipn  measured,  but  a  century  ago  the  astronomers 
took  it  on  fjulh,  merely  because  they  accepted  the 
{\>l}enucftn  sj'stem. 

The  first  supcosaful  measurements  of  stellar  pa  al- 
laxes  (a  star's  annual  parallax  is  the  angle  the  radius 
of  the  earth's  orbit  subtends  \-iewed  from  the  star) 
were  made  by  Stnive,  at  Dorpat,  on  Vega,  1835  to 
1S3S,  jind  by  Bcssei  on  the  star  6!  Cygni.  1837  to 
1S40,  The  latter  faint  st.ar  was  selected  on  account 
of  it«i  large  pn>pftr  motion.  Bessy's  result  was  0. "35, 
and  Stnive's  about  one-quarter  second.  The  form« 
U  noariy  correct,  the  latter  about  twice  loo  large.  It 
was  a  gmal  feat  to  measure  such  small  angles  as  these. 
In  modem  pnclioe  the  effort.s  to  measure  pMalhuws 

,^33 


THE  ai'N  AMONfJ  THE  STAR8 


^^Bpplut^  haij  pntf  tirolly  beeii  discontinued,  luid  in- 
^TMWdt.WiAtive  parallaxcH  are  deUirmin^Hi.  That  i», 
^■Iwl'of  measuring,  for  instance,  the  apparent  ab- 
solute i^iange  of  polar  dintancn  of  a  certain  Htar  due  to 
the  earth's  revolution  iirnuniJ  the  sun,  aMtrotiomers 
now  for  the  most  part  determine  how  much  a  given 
Alar  appears  to  idiift  among  very  faint  neighlmring 
stars  owing  to  the  same  cause.  For  it  is  now  a»- 
numed  that  the  very  faint  Htam  on  the  average  are  so 
very  dt»t&nt  that  they  have  no  senf^ible  parallaxes, 
or  al  most  a  very  minute  and  approximately  kiiown 
average  parallax,  which  can  fie  applied  as  a  corree- 
lit»n.  Stan*  are  generally  selerted  for  indi%'idua]  par- 
allax mejtwurpment^H  becauwo  they  have  relatively 
large  "pntper  motionw,"  or  pn)gr(s«ive  apparent 
dbtplacetnont  among  the  fliars.  ThU  is  usually 
n  safe  criterion  of  comparative  nearness,  m*  ap- 
peitrs  from  our  illustration  of  the  railway  train 
atK>vc.  In  a  »iir\'ey  of  ninety-two  stars  pub- 
lished a  few  years  ago  by  Chase  of  Yale,  there 
were  found  the  following  nunibcr»  of  stars  l»etween 
given  limitit  of  parallax: 
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The  negative  parallaxes  are  of  course  illusory,  and 
hence  we  may  suppose  that  some  positive  ones  are 
also  erroneous,  so  that  of  this  lotr  no  more  than  two- 
tiiirds  have  measurable  parallaxes,  and  of  the  whole 
lot  three-fourths  are  more  distant  than  100,000,000  X 
2.000,000  miles.  It  is  customary  to  express  such 
enormous  tlistanees  in  terms  of  ' '  light  ye^irs. "  Light 
travels  in  one  year  about  6,000,000,000,000  miles. 
Accordingly,  the  number  given  above  is  about  thirty 
light  years,  which  represents  approximately  the  dis- 
tance of  a  star  whose  parallax  is  one-tenth  second. 
The  vast  majority  of  stars  are  many  times  aa  distant 
as  this,  and  the  nearest  yet  found  is  a  Centauri,  whose 
distance  is  about  four  light  years. 

StBLLAK  Magnitudes.     Thk  Sun's  Maqnitud: 

The  relative  brightness  of  the  stars  is  expressed  in 
"Magnitudes,"  a  star  of  the  first  magnitude  giving 
about  2.5  times  tlie  light  of  one  of  the  second.  On 
this  scale  Polaris  is  nearly  of  the  second,  Aldebaran 
nearly  of  the  first,  Vega  nearly  of  zero,  Sinus  —  1.4, 
and  the  sun  — 26.5.  A  change  of  five  magnitudes 
makes  a  change  of  one  hundredfold  in  the  light,  so 
that  the  sun  gives  the  earth  over  90,000,000,000  times 
the  light  of  Aldebaran.  If  removed  to  the  distance 
of  Aldebaran,  whose  aimuai  parallax  is  0."ll,  the  sun 
would  become  a  star  of  the  fifth  magnitude,  and  ap- 
pear only  about  as  bright  as  the  fainter  stars  among 
the  six  easily  seen  in  the  Pleiades.  Accordingly,  Al- 
debaran emits  about  forty-five  times  as  much  light 


4 


t 


THE  SUN  AMONCl  TUE  STAItS 


themin.  ThcrcarofloinestarH,  among  them  Uigcl. 
Caiwpiia,  and  Dcneb,  wliich  arc  hon«ihIy  of  zero  par- 
uUax  and  yet  of  first  ma^^ituiJc,  or  briKhtor,  ho  that 
thpy  must  emit  many  thousaruK  perhaps  hundreds 
of  thnUHaiulH  of  limes  ok  mudi  HkIiI  a^  tho  mm.  On 
the  otht-T  hand,  there  arc  many  »lar»  whose  Ught 
cinifwion  in  very  much  low  than  the  sunV,  among 
th(?m  tho  rapidly  moving  ular  wliom;  parallax  vtun 
meoKurcd  by  Buiwcl,  luxty-onc  Cygni.  It-s  light  emis- 
sion is  one-tenth  that  of  the  sun. 

^  Solar  Motion  among  the  Stabs 

As  in  a  forest  walk  the  trees  in  front  sw?m  to  riepa- 
rat<*  as  we  approarh,  and  th<ine  Ix-liind  Ut  crowd  to- 
gether ftM  wo  rcfcdc,  so  t  he  sttarx  exhibit  a  (•endeney  to 
move  from  the  approximate  dirertion  of  the  fontttel- 
lalion  Hennilew  towards  the  coii»t«llaticjn  \rg,o  in  tho 
Southern  Hemisphere.  In  coiise<iuence  of  the  great 
distance  of  the  stars  thet<edisplacementj<,  called  pmper 
motions,  are  very  slow,  not  often  exceeding  100"  per 
century,  and  usually  very  much  h^ss.  Neverthelcws, 
tho  olxwrx-ationa  of  »(ar  places  are  so  exact  that  tho 
foci  of  the  motions  have  been  detemiinetl  with  an  un- 
certainty lit  only  a  few  d^trtws.  That  ui  tho  North- 
ern Heitiisphere  lies  in  R'ght  .Vscousion  270",  Declin- 
ation +  30",  in  the  ronstellation  llerouleo  about  10" 
southwest  of  the  bright  star  Vega.  Tho  cause  of  the 
phenomenon  Is  the  motion  of  the  solar  system,  rela- 
tively (u  the  starx  in  general,  toward  the  tKMilion  just 
f  called  the  solar  a|M^x.     The  rate*  of  motion  is 
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determined  from  the  apparent  proper  motions  of  the 
stars  of  known  parallaxes,  or  from  the  general  spectro- 
scopic survey  of  the  stellar  motions  in  the  line  of  sight. 

Professor  Canii)l>ell  has  been  good  enough  to  give 
me  the  following  summary  of  various  determinations: 

"Sir  WilUani  Herschel  in  1783  deduced  from  the 
proper  motions  of  thirteen  stars  (all  then  available) 
that  the  solar  system  was  travelling  approximately 
toward  the  star  Lambda  HercuUs  in  Right  .\acension 
262°,  Declination  +  26°  '.  J 

"  Many  detenninations  of  the  goal  of  the  sun's  wajl 
were  made  in  the  latter  half  of  the  nineteenth  century,  ' 
as  the  proper  motions  of  stars  became  known  in 
greater  numbers.     Of  those  based  upon  the  most  ex- 
tensive lists  of  proper  motions  we  mention  the  follow- 
ing: 

"  Newcomb's  coordinates  for  the  apex  of  the  sun'g 
way,  deduced  from  about  3,100  Bradley  stars, 
Right  Ascension  275°,  Declination  +  31°  ^ 

"  From  2,640  Bradley  stars,  Kapteyn  deduced  t 
position  of  the  apex  Right  ^Vscension  274°,  DecU: 
ation  +  29''.5^ 

"  From  the  proper  motions  of  5,413  stars  Boss  I 
computed  the  apex  to  be  at  Right  Ascension  270° .i 
DecUnation  +  34°.3 ;  and  his  estimate  of  the  velocity 
of  the  solar  motion  is  24  km.  per  second.* 


'  FhilosojAicat  Trannactions,  vol.  xv,  page  405,  17S3. 
'The  Slam,  pagpill,  1901. 

'  AKtmriofHinrhf  Nachrirhtm.  vol.  clvi.  page  17,  1901. 
'  Aflronomieal  Journnl,  No.  614,  1910. 
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"  8overat  nolutions  for  the  elements  of  the  Bolar 
uiolion  havn  been  baned  upon  the  obtnerved  radial 
veJiicities  i>f  slarn. 

"  In  1900  (_'anipl)ell,  from  280  stellar  radial  veloci- 
ties in  the  northern  throo-fiftli-s  of  the  sky,  obtained 
for  liio  position  of  the  apex  Ilight  Ascension  277°.5, 
Declination  +  20°;  and  for  the  uptwd  19.9  km.  per 
H^oond. 

"  In  1909  HniiRh  and  Halm  based  a  solution  upon 
about  500  stellar  radial  vulocitics.  They  obt^ncd 
for  the  position  of  the  apex  Rif;ht  Asceation  271', 
Declination  +  25°.6;  and  for  the  velocity  20.85  km. 
per  second. 

"  In  UHO  ramplM^Il  doiiurwl  thw  Blomenls  of  the 
sohu-  motion  from  iht;  observed  radial  velocities  of 
1034  stars  and  thirteen  nebula;.  His  position  of  the 
apex  van  deduced  as  Riglit  Attcctifiion  272°,  DocU- 
tiation  +  27°.5;  and  the  velocity  an  17.8  km.  per 
fierond. 

"  It  should  l>e  hold  in  mind  that  the  motion  of  the 
»toiar  .system  is  a  purely  relative  term,  and  in  every 
rase  refcns  to  tlio  particular  gniup  of  ntarw  used  as  a 
basis  for  the  solution.  The  cnmpiitor'.s  aim  ahould 
always  be  u>  Imve  bi.H  observational  materia!  as  ho- 
mogeneous and  as  representative  of  the  entire  sidereal 
system  an  iwssiblc. 

"  It  appears  that  an  uncertainty  of  several  tlegrces 
exists  as  to  the  direction  of  the  solar  motion  with 
reference  to  the  entire  inidereal  system,  and  perhaps  of 
Hpveral  kilometers  at;  t«>  the  speefl  of  this  motion. 
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Perhaps  the  following  values  are  as  probable  as  a 
that  we  can  at  present  assign: 

"  Apex  at    Right    Ascension    270°,    DecUj 
+  30°.     Velocity  18  km.  per  second. 

"It  should  be  said,  however,  that  some  astr 
mers  would  consider  the  following  values  as  mci 
probable: 

"Right  Ascension  272°.  Declination  +33°; 

"  Velocity  20  km.  per  second. 

"  Kapteyn  and  Frost  have  obtained  indications  thi 
the  speed  of  the  solar  system,  with  reference  to  sta 
of  spectral  type  B,  is  considerably  greater  than  n 
reference  to  the  system  as  a  whole,  but  the  number  d 
B-type  stars  employed  in  the  discussion  is  perhan 
too  smalt  to  yield  results  entirely  trustworthy. 

"  Campbell  has  found  that  the  velocity  of  the  soil 
motion,  with  reference  to  stars  of  spectral  typee  B,  i 
and  F  to  F4,  inclusive,  is  in  essential  agreement  wid 
the  velocity  deduced  from  stars  of  spectral  types  | 
to  G,  inclusive,  K  and  M. 

"  It  does  not  clearly  appear  that  the  direction  i 
speed  of  the  solar  motion  are  functions  of  the  ( 
tances  of  the  stars  used  as  a  basis  for  the  solutioni 


Star  Ghoups 
Whether  the  sun  has  companion  stars  in  its  cours 
is  not  known  certainly,  but  there  are  known  groups  of 
stars  which  seem  to  foi-m  well-defined  systems  moving 
with  a  common  trend.  Such  a  uroup  is  the  Pleiades,  _ 
including,  besides  the  six  stars  easily  visible,  a  rauc|| 
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^r  number  of  teloncopic  stius.    Their  rntuitrc-tion 
farm  a  comoion  system  ia  shown  by  at  least  Ihrco 
d«  of  endence.     First,  it  in  highly  improbable  that 
so  many  stars  of  thai  briRhlncss  would  fall  in  so  nmall 
a  roKion  of  the  sky,  if  the  di!<tribution  was  purely  at 
^^^ndom.     Second,  excluding  a  frw  stars  not  regarded 
^bp  bclonfciiig  tt>  the  system,  the  Htant  mentioned  have 
^Bqual  proper  motions  in  the  fuuiic  direction.    Tho 
common  ppo|X)r  motion  is  ab<»ut  6"  jier  century. 
Third,  there  ii^  a  nebula,  of  filmy  cloud  patch  in  tho 
^sky,  visibly  connected  with  the  sevenil  stars  of  the 
^■poup  and  evidently  c«n(inniiiK  their  common  con- 
^HsMtion  (8e«  Plate  XIX).     Tlie  Pleiades  RToup,  in- 
cludinR  f-nmll  stars  parlttkinR  of  the  common  motion, 
measures  nearly  IIX)'  of  are  in  average  <iiain(!t«r.  The 
parsllaX4^iK  of  the  slar>i  an*  not  certainly  meiL-iurable, 
but   their  distance  has    butm  istlimated   Hitb  some 
plausibility  to  be  not  kww,  at  any  rate,  than  *.!00  liftht 

Rrn.     Hence,  the  rad  us  of  the  system  is  not  1»« 
ti  tbreo  lifiht  yean<,  or  IK.tHK)  000  OOO.OOQ  niilm, 
ch  i»  G.lXKl  times  the  nulitis  of  Neptune's  orbit. 
If,  indeed,  the  group  is  actually  as  small  as  this,  it 
would  mean  |x>rhai>n  a  ImndnHl  giHsl  slued  stiuv 
nearer  together  than  the  sun  is  to  it«  nearest  stellar 
neij^bor. 
The  curious  connection  of  nebulosity  with  thft 
^■Pleiades  is  not  without  its  counterpart  in  many  other 
^^■Igions  of  the  sky,  and  evoti  our  own  st)lar  system 
^^Benis  not  to  l)e  devoid  of  it.     Then.'  is  o)>K4?r\*able  on 
^Hprit  ni^ttf,  nearly  in  the  plane  of  the  ecliptic,  a  lij^t 
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not  to  be  regarded  as  incipient  twilight,  called  the 
Zodiacal  light  when  viewed  towards  the  sun,  and 
called  the  Gegenschein  in  the  opposite  direction.  See- 
liger  has  estimated,  on  reasonable  assumptions,  that 
it  is  the  matter  contained  in  this  ring  of  nebulosity 
which  causes  the  outstanding  perturbation  in  the 
orbit  of  Mercury,  not  to  be  accounted  for  by  the  at- 
traction of  known  planetary  masses.  It  has  been 
supposed  that  stars  hkve  their  origin  in  nebulse,  and 
if  so  the  Pleiades  stars  would  seem  to  be  less  advanced 
in  their  course  of  evolution  than  the  sun,  but  we  shall 
recur  to  this. 

Whether  it  is  gravitation  which  controls  the  motion 
of  the  sun  among  the  stars,  and  whether  such  a  vast 
system  as  the  Pleiades  is,  like  the  planetary  sy.stems, 
in  orderly  gravitational  movement,  are  questions 
which  as  yet  there  are  no  meaiw  of  fully  solving,  but 
the  affirmative  is  generally  believed  It  has  been 
computed  by  Newcomb,  however,  that  there  is  not 
enough  matter  in  the  universe  trO  control  the  motioni 
of  such  runaway  stars  as  1830  Groombridge  and  A 
turns. 

Double  Stars 

That  gravitation  is  an  universal  property  seems  Ut 
be  proved  by  the  existence  of  well-observed  elliptical 
orbits  in  the  cases  of  many  pairs  of  double  stars. 
Since  there  are  less  than  ten  thousand  stars  to  the 
sixth  magnitude  in  the  wliole  heavens,  the  chances  are 
almost  infinitely  small  that  two  of  them  should  be 
found  within  5"  of  one  another  on  a  random  distribur, 
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f  tkm,  for  there  aro  over  20,000,000,000  sfiiiares  of  o" 
in  the  whole  sky.  But  in  fact  there  are  many  pairs 
doaer  than  thiti  among  tlie  visible  stars,  so  that  a 
physical  connection  in  most  such  caspn  is  practically 
oertain.  In  some  c-iuwfl,  a^  in  Ihat  of  the  very  bright 
pair  of  0.4  and  1 .9  maKnitudo  composing  a  Ontauri, 
itus  separated  by  a  much  greater  interval  (in  this 
case  averaging  17".])  are  pnived  to  Yye  ph>-Hically 
eonnected  because  they  are  observed  to  go  through  a 
periodic  change  of  position  n-ith  respect  to  one  an- 
other. The  orbit  of  a  C'entauri  is  completed  in  eighly- 
cme  years.  By  spectroscopic  obscn-ations  of  motion 
in  the  line  of  «ight  a  great  number  of  stars  not  td- 
ftMWpicaily  resolvable  art  proved  lo  be  physically 
oonnecled  doubles  borause  of  the  variable  velocity 
ohaerved.  In  some  cases  of  spectniscopie  binari<s 
the  companions  are  indieateij  by  doubling  of  the 
spwtruni  lines,  but  quiU;  oft*>n  one  of  iho  obja'lfi  h 
too  faint  1o  give  a  spectrum,  and  itsexist4>ncois  noted 
only  because  tho  ijeriodically  variable  positions  of  the 
linos  in  (he  ohscr\'ed  spcrtrum  indicate  that  the  star 
•ved  is  affected  by  orbital  motion. 


Stellar  Masses  and  Densitieb 

i  spectroscopic  method  gives  the  projection  on 

•  line  of  sight  of  the  linear  velocity  of  one  or  of  Ijoth 

mponents  itt  their  orbits.     The  lelowropic  ninthftd 

givcti  the  projection  at  right  angles  to  the  tine  of  siglit 

of  the  ftngular  moti(ni  of  the  componenb*.     li<»ih 

melhiHls  fiive  Ihc  iH>ri<Kl  iif  llie  revnlutioti.     When  the 
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parallax  of  the  object  is  known,  as  in  the  case  of 
Centauri,    the  projected   linear  dimensions   of   the 
orbits  are  easily  found.     It  is  possible  in  the  case  of 
accurately  observed  telescopic  binaries  of  known 
allax,  or  of  pairs  whose  motions  have  also  been 
served  spectroscopically,   to   determine   the  act' 
linear  dimensions  of  the  two  orbits,  and  (assuming  the 
law  of  gravitation)  the  relative  niasees  of  the  two 
stars.     The  combined  mass,  as  compared  with  the 
combined  mass  of  the  earth  and  sun,  follows  easily 
from  Kepler's  third  law.     For  if  we  regard  the 
of  the  earth  and  sun  combined  as  unit  mass,  the 
ius  of  the  e-arth's  orbit  as  unit  distance,  and  the 
as  unit  time;  then  calling  the  period,  total  mass,  and 
mean  radius  vector  of  the  binary,  P,  M,  and  R,  re- 
spectively, we  havp,  if  matter  has  the  same  constant 
of  gravitation  everywhere: 

pa- 
Since  R  and  P  are  both  known  for  a  well-determined 
orbit,  we  thus  find  M,  the  ratio  of  the  combined  mass 
of  the  binary  to  the  combined  mass  of  earth  and  si 
In  the  case  of  a  Centauri  the  total  mass  is  twice  tl 
of  the  sun,  and  the  components  being  approximately' 
of  equal  mass,  tliey  are  singly  about  of  the  same  mass 
as  the  sun.  Their  mean  distance  apart  is  23.6  times 
the  radius  of  the  earth's  orbit. 

By  such  processes  the  combined  masses  of 
binary  stellar  systems  have  been  determined, 
resulting  masses  are  sometimes  less,  sometimes  a  ft 
402 
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|tid  KToatcr  than  the  suh'k.  Hod  they  come  out  of 
another  onW  of  niiiK"itii(I<>  entirply,  it  would  have 
mtiiiihI  doubtful  if  the  coitntmit  of  t^mvitiitiaii  has  tho 
same  value  in  other  syHtcnw  than  oun*.  But  as 
things  are,  wo  seem  justified  in  i^upposhig  that  gravi- 
tation in  an  univema!  imchanging  property  of  ninttt^r. 
Tlicrc  \n  a  method  pro[K)s«d  hy  Pit-koriiiK  for  find- 
ing a  relation  hetween  the  nurfare  hrilliancy  and  den- 
Mly  of  the  avcrap!  star  of  a  binary  sy»tcni  whoso 
period  and  magnitude,  on  the  scale  of  brightness,  arc 
known.  Without  going  into  an  escplanation  of  the 
uuitter,  wliioh  may  he  found  in  workx  on  the  stars,  we 
shall  Im"  interested  in  the  eonclu.ii»)n,  which  is  that 
Ktars  in  iircmt^riil  tcive  miirti  more  light  in  pnipoKion  to 
their  masses  than  lUtes  tho  sun.  .Vstninomers  getier- 
olly  incline  Uj  Ijelieve  that  the  discrepancy  indicates 
for  the  stars  Ken<?rally  a  smaller  detLsity  than  that  of 
tho  sun.  In  a  few  instances,  another  line  of  argimtent 
reganling  star  densities  Is  possible.  There  are  some 
binary  systems  whose  orbits  an;  of  such  small  dimen- 
sions, and  Ue  so  nearly  in  a  plane  with  the  earth,  that 
the  components  regularly  eclipse  one  another,  and 
the  quantity  of  light  of  the  binar>-  thereby  sulTors 
periodic  variability.  In  such  a  system  the  duration 
of  the  eclipse  comparwl  with  the  [vritKl  nf  the  orbit, 
pvcs  a  measure  of  the  relative  diamclerx  of  the  stars 
relatively  to  the  diameter  of  their  orbits.  l*roceeding 
in  this  fashion  it  wits  shown  hy  Roberts  that  the  aver- 
age densities  of  these  vju-ialjloi*  (called  "A1r«»1  vari- 
ables" after  the  name  of  the  famous  spectroscopic 
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binarj'  tstar  which  is  the  t>*pe  of  the  claas)  is  no  mi 
than  one-eighlh  that  of  the  sun.  This  general  con- 
clusion was  independently  coafirraed  at  the  same 
tinie  by  Russell. 

We  have  spoken  incidentally  of  the  -Mgol  type  of 
eclipsing  variable  stars.  Without  going  far  into  the 
discussion  of  stellar  variabiUty,  it  will  be  of  deep  in- 
terest, in  view  of  the  somewhat  irregular  and  very 
slight  variability  of  the  sun,  to  speak  of  another  kind 
of  variable  stars  of  which  Omicron  Cetl  (or  Mira 
Ceti)  is  the  type,  Thi-t  star  is  sometimes  as  bright  as 
the  second  magnitude,  and  sometimes  as  faint  as  the 
ninth  or  fainter.  Accordingly  its  range  is  several 
thousandfold  in  b^ightne^^ri.  It  gocfi  through  its 
cycle  in  an  average  period  of  about  331.6  days,  but  is 
sometimes  thirty  or  forty  days  early  or  late  in  coming 
to  a  maximum.  Its  maxima  and  minima  are  not 
uniformly  bright,  for  sometimes  it  attains  only  the 
fifth  magnitude  at  maximum,  and  sometimes  it  falls 
only  to  the  eighth  magnitude  at  minimum.  The 
time  required  to  rise  from  nunimum  to  maximum 
brightness  is  only  about  two-thirds  the  time  required 
to  fall  to  a  minimum.  The  shape  of  the  light  curve  is 
variable  too,  as  the  maxima  continue  longer  at  some 
recurrences  than  at  others. 

The  spectrum  of  Mira  is  of  the  third  type,  to  which 
Antares  belongs,'  distinguished  by  the  fluted  spectra 
found  to  some  extent  in  sun  spots.  The  spectrum 
varies    as    the   star's    brightness   varies,    becoming 
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inger  in  the  violet,  and  especially  in  its  hnRlit 
violet  hydrogen  liiift*,  in  the  maximum  pliaMes.  The 
spectrum  intlieates  a  high  velocity  of  recesflion  from 
«un  (66  kilometers  pi;r  sfoond),  hut  there  i^  no 
[enee  from  it  that  Mira  has  companions. 
In  nuuiy  r(!S)>«etH  Mira'n  variahility  sugfcestsi  the 
solar  variability  aitsociated  with  »iui  fifrnti^.  True,  the 
fractional  change  of  solar  radiation  is  perhaps  not 

t  that  of  Mira,  hut  in  the 

exiHlencc  of  a  fixed  aventgi*  period  »uhje(!t  la  large 
i[tdi\ndual  departureN,  an  uiiei(ual  iiit4'nsity  of  mnx- 
Itna,  an  uusynunetricul  and  \'arial>le  hRhl  cur\*e, 
there  in  a  strong  sintilority  In  what  the  kud  it[)ot  curvo 
suggents  for  the  sun.  In  one  respect  there  w  a  di- 
vergence. Mira  increuNCr*  in  hrightnesn  fiwter  tliati 
it  deerea-^ew.  The  change  of  temperature  of  the 
eartJi  soeuLs  Uy  iruUcato  that  the  sun's  radiation  is  at 
a  maximum  when  sunsjwts  arc /('»««/.  But  the  suu 
Bpots  decreaae  to  a  minimum  slower  than  they  in- 
rreaae  to  a  maximum.  Htill,  with  so  many  features 
of  similarity  the-re  can  lie  little  doubt  that  the  dis- 
covery of  the  cause  and  accompany  i  tig  phenomcim 
of  the  sun  spot  pe-riotJicity  will  indicate  the  secret 

»tbe  Mira  type  of  variables. 
Steuar  Spectha 
Having  taken  some  note  of  the  distances,  motions, 
brightnesses,  masses  and  densities  of  the  sLam  a« 
npared  with  that  of  (he  sun,  and  havittg  seen  that 
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rwe  owe  this  information  to  knowledge  gained  of 
smi  itself,  and  of  the  solar  system,  we  may  now 
our  attention  to  tlie  spectra  of  the  stars,  and 
wherein  and  how  far  tlie  sun  is  a  type  in  that 
We  have  noted  that  in  the  solar  spectrum  dark  lines 
of  the  metals  are  the  prevailing  feature.     Calcium 
and  hydrogen  lines  sometimes  give  bright  reversals.^ 
their  centers.     Hehum  seldom  produces  a  dark 
tospheric  line.but  in  the  spectrum  of  the  ehromospl 
its  bright  lines  are  conspicuous  along  with  those 
hydrogen  and  calcium.     In  the  spectra  of  sun  spots 
the  dark  lines  of  metals  are  still  conspicuous,  but  are 
nearly  overshmlowed  in  importance  by  banded  s| 
tra  of  various  compounds,  and  the  violet  end  of 
spectrum  is  very  weak  in  them  compared  with 
red,  or  with  the  violet  of  the  ordinary  photosph) 
spectrum. 

These  various  peculiarities  of  the  Rolar  spectra  find 
counterparts  in  the  stars.     There  is  a  large  class  of 

I  stars  whose  spectra  are  hardly  to  be  distinguiahed. 
line  for  line,  from  that  of  the  sun.  ;\jnong  the  most 
exact  duplicates  is  the  spectrum  of  the  principal  star 
of  the  brilliant  binary  system  Capella.  From  this 
solar  type  we  can.  pass,  either  way;  in  the  one  direc- 
tion to  stars  on  which  the  red  predominates,  and 
banded  spectra  overshadow  the  metallic  lines,  or  in 
the  other  direction  to  blue  stars  in  which  lines  of 
hydrogen  or  helium  are  almost  the  sole  features  aside 
from  the  continuous  spectrum. 

By  the  kiiidness  of  Director  Campbell  of  the  Uck 
40(j  ^ 
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irvatory  and  Dirwlor  Frtint  of  thn  Yprltps  Ol>- 
nervatory,  1  k'vc  lien;  in  Plates  XXA  ami  B  aiul 
XXI  a  8orio«  of  f^pcctra  illa-^trative  of  the  Kradation 
from  the  wv-callwl  helium  or  Orion  Htars  to  the  so- 
calliKi  carbuu  star*,  wliich  liu  at  oppoKitc  cmU  of  the 
While  considering  these,  let  uh  note  more 

ily  tho  diverxitics  uf  stellar  spectra. 


^_acole. 
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Classijication  of  Stellar  Spectra. 
Father  Secchi  in  IStiT  dii'idetl  the  spectra  of  stars 
into  four  gn>at  classes.  Class  I  couiprisea  tho  blu^ 
while  stars.  In  their  s]xHTtra  dark  Unesof  metal 
few  and  fprble,  but  the  dark  hydrogen  lines  are 
Veil  niarkwl.  Thi;*  ela-w  is  the  most  nuineroos,  and 
includes  among  other  prominent  stars,  Sinus,  Vega, 
and  Procyon.  Class  II  comprises  the  yellow  stars 
whoso  spectra  are  filled  with  metallic  lines.  This 
class  includes  the.  mm,  aUo  Cajiella,  Arcturu.4,  and 
AIdel>aran.  Class  III  comprises  orange  and  red 
fttars  whose  spectra  show,  iKwidcs  many  ilark  metallic 
lines  found  in  tho  stars  of  the  second  tyf)0,  also  nu- 
merou«  dark  bands  or  flutings.  The^  consist,  like 
the  terrestrial  oxygon  baml^i,  of  scries  starting  with 
well-marked  heads  and  shatUng  off  from  these  to- 
wards the  red.  These  fiutings  are  now  rerognizetl 
to  be  caused  by  oxidiw  of  titanium  and  other  motals, 
and  by  hydrides  as,  for  example,  of  calcium.  Thbt 
cUuw  includes  Antan^  and  ltelelKeu.se.  (*!asH  IV 
comprises  some  deep  red  stars,  whose  spectra  also 
itain  bands  or  (lutings,  but  with  the  shaiUngfl 
to; 


toward  the  violet.  Thetse  flutings  are  attributed  to 
carbon  or  its  compounds.  The  stars  of  Class  IV  are 
all  faint.  The  two  brightest  are  nilieteeo  Rscium 
(5.3  mag.)  and  162  Schjellerup  (5.5  mag.). 

The  stellar  classification  of  Secehi  is  still  much 
used  in  general  descriptions,  although  more  detailed 
systems  of  cla.isification  have  been  lately  adopted. 
The  accompanj'iiig  Plates  XXA  and  B  and  XXI 
illustrate  some  of  the  differences  between  Secchi's 
types.  It  is  however,  practically  impossible,  with- 
out having  had  personal  handling  of  direct  spectrum 
photographs,  to  note  at  a  glance  the  significant  vari- 
ations in  spectra.  The  spectral  types  of  Secehi 
merge,  of  course,  gradually  together,  so  that  in  some 
cases  one  would  be  doubtful  in  which  of  two  classes 
to  assign  a  star. 

There  are  two  principal  modifications  to  be  made 
to  Secchi's  classification.  First,  and  most  impor- 
tant, among  the  blue  or  white  stars  occur  many  whose 
spectra  are  distinguished  by  the  absorption  lines  of 
hehum,  more  than  by  those  of  hydrogen.  Lines 
of  oxygen  and  alicon  also  sometimes  occur  in  these 
heUum  star  spectra,  but  most  metallic  lines  are 
extremely  faint  or  invisible.  Helium  sta:^  are  nu- 
merous in  the  constellation  Orion  and  in  the  Milky 
Way.  Secchi's  Class  I  may  then  be  divided  into 
two  principal  sub-classes,  the  helium  or  Orion  stars, 
and  the  hydrogen  or  Sirian  stars.  The  helium  stars 
not  infrequently  show  some  bright  emission  lines  In 
their  spectra  besides  the  dark  or  absorption  lines. 
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Such  Vmght  liues  are  geiienilly  uf  hydmgcn.  bul  the 
hotiutn  line  D-,  ik  nXmt  bright.  Vogul's  (tlaN^ification 
includes  a  ttiird  division  of  Class  I  for  audi  bright 
line  stars. 

But  there  itt  a  cluwt  of  stars  for  wliich  Pickering  at 
one  time  proposed  to  add  a  Class  V  t<)  Secchi's  sys- 
lem,  whose  MixM'tra  have  as  their  main  characteristics 
bright  tines  or  bands  in  the  yellow  and  blue,  some  due 
to  hydrogen,  others  of  unknown  origin.  The  bright 
lino,  or  sO'Called  Wolf-Rayut  stars,  are  situated 
mostly  in  the  Milky  Way  or  the  Magellaiiic  Clouds, 
and,  except  7  Vela,  are  faint  stars.  Some  of  the 
ultra-\ioIet  lines  bright  in  the  :spectra  of  Wolf-Rayet 
are  aUo  bright  lines  in  the  spectra  of  certain 
lube. 

There  has  been  adopted  at  the  Harvard  Colh^ 
Obsen'atory  a  mon;  detailed  system  of  similar  claMii- 
fication  than  either  Secchi's  or  Vogel'a,  and  which 
includes  numlwred  gradatioa-i  of  the  lettered  main 
di\Taoas,  so  that  a  very  large  number  of  varieties 
of  spectra  may  l>e  indicated.  A  spectrum  marked 
B3A,  or  more  briefly  B.3,  is  one  which  is  entimated  to 
be  three-tenths  the  way  from  a  tj-picaJ  B  star  to  a 
t>'pical  A  star,  ami  similarly  for  other  combinatioiw. 
The  following  table  gives  parallel  designations  of 
t  j-pical  stars  under  the  classifications  of  Hecchi,  Vogol, 
and  Harvard  College  Oliservalorj'.  In  the  Har^-ard 
classification  the  type  Q  is  nwervwl  for  the  "new 
Stan"  which  have  passed  their  paroxysm  of  bright- 
Dew.  0.  is  the  designation  of  Wotf-Ra>'et  ^tlan. 
-tut) 
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Class  O  has  other  subscript.3  b,  c,  d,  and  class  M  has 
subscripts  b,  c,  not  iiichided  iii  the  table. 

Tablb  XXXl.—f'limiifieatian  iif  sU-llar  ipvctra 


■      Stab 

H»t»«d 

Vocel 

Siwbi 

{«  Argus,  (irCarina)  .    , . 

Q 

_ 

~ 

(t  Argua,  or  Vda)    

0. 

lb 

(29  Cania  Mftjorie) 

0. 

{\  Orinnis).  .       .      . 

CIB 

(BOrionU)     

B 

AWone 

(t  Tauti) 

B5A 

Sinus 

(a  Gams  Mftjoris)            

A 

I. 

AlWir 

(aAquilaii         . 

A5F 

larll. 

Cunopus 

(»Ar(!UB,orCarina) 

P 

I^-II. 

I'rofvon 

(q  Cania  Minoriw) 

F.W 

i.r^n. 

The^un 

Al9oCapcllft(«Aurigj;J 

G 

u. 

(« Geminoruiiil    . 

G5K 

lU-HI. 

Art'tunia 

(a  Bo6ti«J  ... 

K 

IT.~II1. 

Alilebftran 

(■Tauri) 

K.=iM 

ii.-m. 

l)ptelBCU!4e   laOrionix) 

M. 

ni. 

Mini 

(0  Ceti) 

Md 

III, 

(igllsciiinjt 

N 

nu 

^ 

In  some  stars  the  spectrum  of  hydrogen  assumes 
form  which  was,  to  be  sure,  prcdicteil  from  the  nu- 
merical spectrum  series  relations,  but  which  has  never 
been  experimentally  produced  in  the  laboratory.  We 
cannot  yet  tell,  therefore,  what  conditions  such  stars 
typify.  The  striking  analogy  between  the  third  type 
spectra  and  those  of  sun  spots,  taken  in  connection 
with  the  proved  relatively  low  temperature  of  sun 
spots  noted  in  Chapter  IV,  indicate  clearly  a  pro- 
gression of  temix;i-ature  from  stars  of  type  II  to  those 
of  type  III  as  well  as  of  spectrum.  J 

Spectral  Distribution  of  Radiation         H 
Wilsing  and  Scheiner  have  lately  made  a  long 
series  of  spectral  photometric  observations  on  stars 
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^^m  VogclV  variuuH  tiix^ctral  tyimK,  t<]  nee  how  the  dis- 
^^Rihuli(>ii  of  etiprgy  in  their  spect  ra coniparfts;  aiid  with 
^R|  view  tot^tiniating  tho  Uttnpcmtures  prevailing  in  the 
BtoTH  by  coinparisun  with  the  distpibutiori  coniputetl 
for  "  blark-lxMly  "  Hix^tm.     Their  concltwion  in  that 
^^  the  l«Di|>cratur(w  vary  rt-'Kularly  with  ihr  typp  among 
^Hrthe  stare  iiivestigateii,  from  upwards  of  10.000"  of 
^Htiie  absolute  centigrade  Hcaie,  to  l>eIow  3,000".     Xn 
^^■jhtniB  some  (jucstion  as  to  the  validity  of  the  tem- 
^^^bHlftRs  deduced,  I  give  here  what  wcrns  a  more 
^^^PlBibi  and  <)uito  as  inttirmtutg  a  nummary  of  their 
^^BBBults,  namely,  the  mean  spectral  distributiotw  for 
^Hfour  averaK«  »tarN  of  (>ach  of  the  Hevrrn  spectral 
^B^afwott  invGMtiKuUM^I.     The  spectra  have  been  put 
^Htqual  at  wave  length  0.44IV- 

^KtuuJtXXXU.—lnUHtilutmdrUart,,ain.    (WiUino an,l f^dtfhKT .) 
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^■^Areordlng  to  the  energy  iitm-tnim  data  givRn  in       ^M 
^KSiapter  III  rhe  min's  Bi«'clruni  would  fall  in  Ihcir        ^M 
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class  (1.3-11,).  The  results  given  indicate  that  thai 
order  of  the  series  of  spectra,  given  by  Vogel  from  aa] 
inspection  of  the  character  of  the  Fraunhofer  Unes, 
has  a  strong  support  from  the  distribution  of  inten- 
sities of  the  continuous  spectra  as  well.  Furthermore, 
the  order  given  is  the  order  proper  to  a  series  of 
spectra  from  sources  of  successively  lower  and  lowefl 
temperatures. 


^        et; 


Evolution  of  the  Solar  System 
The  inquiring  mind   is  ever  stimulated  by  thftj 
query:   What  means  the  order  of  the  heavens,  and' 
can  we  not  draw  from  it  a  reasonable  view  of  th^ 
evolution  of  the  universe,  including  the  solar  system? 
The  famous  Laplace,  in  1796,  crystalUzed  and  ampli- 
fied   the    conceptions    which    eai"lier    philosophers 
had  foreshadowed  into  his  famous  Nebular  Hypoth-^ 
esis  of  the  formation  of  the  solar  system.     As  mod-i 
ified  a  half  century  later  by  the  discovery  of  the  con- 
servation of  energy,  it  presumes  a  gaseous  nebula, 
larger  than  Neptune's  orbit,  in  primitive  rotation. 
By  virtue  of  its  immense  extent  it  contains  potenti 
energy  of  position  which  is  transformed  into  heat 
the  nebula  condenses,  and  thus  is  supplied  the  enei 
of  radiation.     The  gravitation  of  the  nebula  in  con* 
junction  with  the  occasional  collisions  of  its  mol< 
cules  tended,  it  is  supposed,  to  produce  condensation. 
At  certain  critical  times  the  revolving  mass  separated 
rings,  and  these  by  condensation  produced  the  plait- 
The  planets  in  condensation  likewise  threw  offJ 


Hi 


wlik'h  fonned  the  mtx)iut.  In  Saturn's  caae 
ring?  still  persist.  The  view  accounts  for  the  pre- 
vailing tendency  uf  the  planets,  their  satellites,  and 
the  8ui».  to  rotato  in  the  same  direction,  and  for  the 

E proximately  ronimon  plane  uf  their  orbits  and  ro- 
ioiw.  The  exccptiona  of  retrugnwle  tnotion  were 
t  known  in  1796,  nor  were  they  discussed,  so  far 
is  known,  by  Laplace,  in  his  later  revisions  of  his 
theory. 

AecordinR  to  Chamborlin  and  Moult^n  the  La- 
placian  hypothesis,  evnn  as  modified  and  clarified  by 
the  work  of  Huliuhollz,  Roche,  Darwin,  and  others, 
fails  conspicuously  to  account  for  a  number  of  things. 
Principal  aiuong  thctite  arc:  A.  The  oonsidcrablo 
eceentricities  of  some  of  the  planetary  orbits  and  the 
inclinaliona  of  their  p!aru?«  among  lhcniselvc«,  and 
with  respect  U)  the  sun's  equatoi-.  B.  The  n<^- 
ative  rotation  of  wmic  of  the  satellites,  and  the  small 
periods  of  revolution  of  some  uf  iheni  a^t  compared 
with  the  periods  of  rotation  of  their  primaries.  C. 
The  difficulty  of  understanding  how  rings  could  be 
left  off  in  the  shrinking  of  the  nebula,  whether  it 
were  gaseous  or  inet*Htrir  in  structure,  and  the  still 
greater  difficulty  of  understanding  how  a  ring,  if  left 
off,  could  condense  into  a  planet.  I).  The  difficulty 
of  accounting  for  the  enormous  discrepancy  between 
the  prew-nt  moment  of  momentum  of  the  system 
and  that  which  must  apparently  have  formerly  pre* 
vailed. 
^Chamberlin    and    Moullon    have    proposed    the 
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" Planetesiraal  Hypothesis"  of  the  evolution  of  the* 
solar  system.     They  might  start  with  a  spiral  nebula. 
Since  there  are  millions  of  these  objects  in  the  sky 
this  basis  is  justified.     But  the  authors  have  gone 
even  further,  and  suggested  that  in  the  course  of 
ages  two  stars  may  approach  so  near  together  that- 
they    will    mutually    raise    enormous    tides.     Tidi 
occur  in  pairs  at  opposite  ends  of  a  diameter.     Sud 
tremendous  disturbances  as  thus  supposed,  together 
with  the  eruptive  tendencies  due  to  intense  heatj 
would  perhaps  combine  to  cause  many  masses  < 
matter,  varjdng  greatly  as  to  quantity,  to  be  prt 
jected  from  each  tidal  region.     The  relative  motioi 
and  gravitation  of  the  two  stars  would  tend  to  chi 
the  motion  of  projection  of  the  masses  into  i 
of  revolution  in  orbits  about  the  primaries, 
the  actioii  first  occurred,  the  disturbing  star  being  fa) 
off,  and  the  attraction  of  the  erupting  star  actinj 
preponderatingly,  the  orbits  of  the  erupted  ma; 
would  be  small,  and  their  periods  of  rotation  s 
At  closest  approach  of  the  disturbing  star  the  c 
trary  would  prevail.     The  outcome  would  be  a  t 
branched  spiral  (see  Plate  XXV),  containing  man; 
masses  of  all  sizes  revolving  in  orbits  about  the  p 
star  (our  8im).     As  the  inner  orbits  are  of  less  periot 
than  the  outer,  the  spiral  form  will  become  more  a 
more  coiled,  and  at  length  cease  to  present  a  spir 
appearance. 

Mutual  attraction  and  collisions  among  the  numei 
ous  masses  would  lead  to  the  concentration  of  I 
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ir  nuuHcx  and  particles  on  the  larKor  ohom,  or 
their  rrviilutinn  uImhiI  thtnn  an  »at<iUit«!K.  The  ati- 
thors  show  that  eoUi»iuiw  t«nd  on  tlic  whole  to  de- 
rrpoflc  the  elliptipity  of  the  R(ip|>o8ed  orbit«,  so  that 
the  larifor  planets,  im  which  motit  eoUiMonK  have 
occurred,  would  have  the  most  nearly  cu'culur  orbitjt. 
The  lighter  gases  would  lie  early  lost  as  atmotuphcres 
from  iho  sntaller  plunetH  and  saUtUitcx  owing  to  the 
coiLiiequences  of  the  kinetic  theory  of  gases.  But 
with  increasing  wize  caused  by  the  accretion  of  par- 
tieliM  in  collision,  the  occluded  giwes  would  be  forced 
out  of  the  interior  by  growing  pressure,  and  so  after 
a  lime  atmospherm  would  txt  supplied  again  to  plan- 
ets of  niodium  size.  The  large  planets  would  retain 
the  gases  from  the  stjirt  as  atnio^plieros. 

The  numerous  fragments  called  the  asteroids  re- 
maned almost  unaltered  fnmi  hu^k  of  large  mawes  in 
their  ncighl>r>rhood  to  capturi*  them.  Their  eccen- 
tric orbits  and  high  inclinations  are  evidence  of  the 
comparative  rarity  of  collisiotLs  among  thorn.  The 
retrograde  mot  ious  and  relatively  high  velueitieti 
occurring  among  the  satellites  seem  to  protent  no 
difficulty  in  the  view  of  the  authors. 

The  plane  of  the  sun's  rotation  they  Iwlieve  to 
have  been  m(Hiified  by  the  falling  l>ack  of  much 
ejected  material  not  forced  into  clear  orbits.  Pmb- 
ably  the  original  plane  of  rotation  was  at  eonnder- 
al>lr  angle  I.0  the  present,  but  has  l>een  brought 
Dearer  the  averagt!  plane  of  the  planetarj'  orbits  by 
such  collisions. 


ing 
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Perhaps  the  greatest  difficulty  of  the  hypothesis 
is  to  account  for  the  supply  of  solar  radiation  during 
the  immense  period  of  time  that  the  earth,  as  shown 
by  geological  evidence,  has  retained  practically  it&_ 
present  dimensions  and  form,  and  its  present  ten] 
perature.  Moulton  assumes,  as  the  only  exp]anati(H 
available,  and  one  which  he  thinks  is  also  required 
by  the  Laplacian  theory,  that  probably  the  contrac- 
tion theory  of  the  sun's  heat  accounts  for  only  a 
small  part  of  the  solar  energy.  It  would  seem  as  il 
the  Laplacian  theory  had  a  great  advantage  here,  fffl 
it  presupposes  the  general  extension  of  the  nebula 
beyond  the  orbit  of  the  earth,  when  the  earth  began 
to  form.  Hence  there  was  an  irmnense  store  of  en- 
ergy to  be  gained  by  contraction.  On  the  contraryjj 
the  spirai  nebula  of  ChamberUn  and  Moulton  appai 
ently  had  no  such  general  extension,  but  retained" 
nearly  all  of  its  matter  from  and  after  the  catastrophe 
in  the  center  of  things.  Furthermore,  the  general 
extension  of  the  nebula  of  Laplace  enables  us  to  sup>.a 
pose  that  the  earth  was  for  a  very  long  time  receiving] 
radiation  from  a  large  portion  of  a  hemisphere,  or 
even  (by  reflection  within  vestiges  of  the  nebula) 
from  a  sphere,  so  that  we  need  not  suppose  that  the 
intensity  of  this  radiation  was  great,  and  therefore 
we  can  a.ssign  a  very  much  longer  life  to  the  contrac- 
tion source  of  energy  than  we  could  if  we  were  obligi 
to  think  of  the  solar  radiation  as  always  requiri 
to  be  at  its  present  int^^nsity.  during  geologic  tii 
in  Older  to  maintain  terrestrial  temperature. 
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PTHE  SUN  AMONC  THE  STAIW 
Prof.  T.  J.  J.  See  hax  jiwt  publUhcd  (after  the  alwvo 
n»iune  of  nebular  hypotheses  was  written)  his  vol- 
ume on  ihia  suhjwil.  In  his  view  the  sufficiently 
clcMe  approach  of  two  mtant  \*}  form  a  spiral  ucbula, 
as  assumed  by  (liamberiin  ami  Moulton,  is  too  in- 
frequent to  ileser\'e  coiwideration.  He  would  atumnie 
the  Kpiro!  iiebuUe  to  be  formed  by  the  close  approach 
of  two  nebulous  streams,  and  the  curling  of  them 
together  by  mutual  gravitation,  or  by  the  curling  up 
of  a  single  nebulous  stream  owing  to  its  own  grav- 
italion,  but  he  does  not  show  Ihat  sucb  phenomena 
are  apt  Uy  hapfx^n  more  frequently  than  that  itug- 
gcsted  by  Chanibcrlin. 

Such  a  spiral  nebula  is,  according  to  him,  the  parent 
of  tlio  8olar  fiystcm,  but  unlike  {'hainl)erlin  and 
Moulton,  his  nebula  would  not  have  its  central  c<jn- 
densation,  the  sun,  mainly  fonned  Iirfore  the  planets 
tx^n  to  form,  but  all  would  Ih-  fonning  at  the  name 
time,  by  capture  of  particles  by  larger  masses  in  the 
exercise  of  mutual  gravitation,  and  in  the  viciwiludes 
of  mutual  eneounler  betwiwn  the  larger  and  smaller 
bodies  of  the  nebula.  There  seems  to  be  much  in 
common  betw€^en  thin  "  capture  theorj- "  and  Moulton 
and  Chamberlin's  accretion  theories.  See  finds  that 
the  orbits  of  the  planets  will  be  roundo«l  up  by  the 
reniKtanct'  (that  is,  the  iMintinual  encounter  with  par- 
tides)  which  they  fiml  in  the  nebulous  medium.  Here 
he  is  in  close  accord  with  ChamlM'rlin  and  Moulton, 
a  have  found,  as  stated  above,  "  that  eoltisions  tend 
bthe  whole  to  decreaHe  theellipticity  of  the  supiMi-'eil 
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orbits,  so  that  the  larger  planets,  on  which  i 
tisioQS  have  occurred,  would  have  the  most  nearly 
circular  orbits."  But  Hee  believes  further  that  the 
present  orbits  of  the  planets  are  verj'  far  within  the 
orbits  they  had  when  they  were  principally  formed. 
It  would  eeem  on  the  whole,  that,  excepting  in  tlie 
methiKl  of  fonning  his  nebula.  Professor  8ee'w  views 
follow  the  general  lines  laid  down  by  Chamberlin 
and  Moulton,  but  with  this  difference  that  they 
allow  the  sun  to  be  forming  at  the  same  time  as  the 
planets,  and  in  a  very  extended  space,  so  that  the 
problem  of  supplying  energj'  by  contraction  for  con- 
titiuJDg  the  solar  radiatioo  in  ample  measure  through- 
out geological  time  is  easier  for  See  than  for  f 'hamlrer- 
lin  and  Moulton.  See's  conception  also  permits  us 
to  suppose  the  solar  part  of  the  nebula  was  so  much 
expanded  as  to  shine  upon  the  earth  from  a  lai^ 
angle  in  the  earUer  geological  eixHihs,  as  was  required 
for  the  foundation  of  what  we  have  termed  "Hyj 
thesis  (B) "  in  Chapters  VI  and  VII. 

Steu^^r  Evglutiox 
We  will  now  consider  a  Uttle  more  closely  tlie  gen- 
eral view  that  nebula;  are  stars  in  the  making,  and 
that,  the  stars  progress  through  a  series  of  tempera- 
tures, and  at  length,  like  the  earth  and  moon,  reach  a 
cold  final  condition.  Plates  XXII  to  XXVI  give  a 
series'  of  nebulous  forms  ranging  from  the  ehai>tic 

1(.  U  very  (jiii'stiimalilc  if  we  ahiiulii  interpret  thia  scrips  of  Sornis 
aa  implying  i\  gerii'B  in  order  of  developniert.  I  ain  gn^ully  iiiilcbtcd 
to  my  friend,  Mr.  G.  W.  lUtchey,  for  this  fine  group  of  photographs. 
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tH^HiliT  in  Orion  and  CyKtiu-t  to  Hif?  wi-ll-drvploiicd 

Hpinil    mill    nriK   iunus  of   Atidrouu^la  mid    Lyra. 

Tlie  iiuiiiImt  nf  nnlmln'  iihservahlp  with  tin'  Mount 

Wilson  ^^fil'C(or  prolmbly  ruiit-lKw  into  the  millions. 

In   FIfttc  XIX  we  saw  that  the  Pleiades  ^tant  aro 

plainly  «Tapt>ed  in  nRhuUmity,  and  »cein  tm  it  titiU  in 

protHttM  of  condensation.    This  |x>oulittrity  in  tiharwl 

by  other  stAr  groups,  notably  by  some  in  Orion. 

The  spectra  of  the  Orion  «Iur>i  have  a  Kiniplirity  far 

more  in  eoinmon  with  the  wimple  speetra  of  KaMe«)iu 

ncbvilie  than  with  the  lineil  and  banded  spectra  of 

!  mlar  and  Antariun  Ktan.     Stan  of  the  Orioti 

i  have  in  many  instances  nebulous  appciidaKn*. 

I  besides  seem  to  be  of  extremely  small  density, 

ionUnit  t<i  the  t4^\n  we  have  noted  alHive.     Hence, 

i  is  supiKJsed  that  the  first  evolutionary  stei*  is  the 

e  from  a  nebula  to  a  helitun  star.  N*everlhele!*8. 

i  in  found  (luit  the  great  spiral  .\ndn»meda  nnbula 

hres  at  its  renter  an  essi>ntially  solar  type  of  s]xt'- 

!  But  cvcu  admittinft  tho  coimoctiun  of  cloudlitce 
ibuUc  and  hdium  .xtars,  why  should  we  believe  that 
I  nebula  m  the  fimt  and  not  the  Inst  end  of  the 
htda,  in  point  of  time,  or  that  the  other  t}^^;^  of 
spectrum  have  the  same  order  in  their  weular  de- 
velopment as  they  do  in  our  arranKement  of  Ihem 
aeconling  to  their  phy^iieal  appejirance?  .\s  to  the 
first  bnmch  of  the  quesrion.  we  know  that  in'avita- 

(11  teiuk  to  condense  matter,  whether  by  capture  m 
the  meteon  by  the  earth,  by  the  opportunities 
419 
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offered  in  molecular  i-ollisions,  as  required  by 
place's  Nebular  Hypothesis,  or  by  the  collision  of 
meteors  in  orbits,  as  proposed  by  Chamberlin  and  by 
See.  In  any  of  the-se  ea'^es  the  centrally  directed 
force  of  gravitation  inevitably  seises  its  opportunity 
to  draw  in  Ihe  retarded  particle.  Excepting  the  dis- 
ruptive tendency  of  the  close  approach  of  two  .stars 
invoked  by  Chanil>erlin  and  Moulton,  and  the  escape 
of  gases  by  molecular  activity  according  to  John- 
stone Stoney,  there  is  not  known  any  cause  for  the 
separation  of  the  constituents  of  a  star  into  a  nebula. 
This  would  require  an  enormous  expenditure  of  en- 
ergy, whose  possible  source,  except  as  just  indicated, 
it  is  hard  to  conceive.  The  probability  of  the  close 
approach  of  two  stars  would  seem  at  first  sight  to  be 
very  smalt,  for  Newcomb  has  computed  that  on  the 
average  a  sphere  of  radius  412,500  times  the  radius 
of  the  earth's  orbit  contains  but  one  visible  star.  On 
the  other  hand,  there  may  be  enormous  numbers  of 
invisible  bodies,  and  even  the  number  of  stars  tn 
space  is  so  large  that  such  near  collisions  may  actually 
occur  rather  "frequently,  measuring  time  by  centuries. 
We  shall  recur  to  the  question  of  the  order  of  events 
in  stellar  evolution. 

Admitting  tlie  view  that  nebulfe  generally  tend  to 
condense,  not  to  expand,  their  rise  of  temperature 
with  condensation,  if  gaseous,  was  proved  by  Lane  in 
1876.  If  we  adopt  the  usual  view  that  yellow  stars 
are  more  advanced  than  the  blue  ones,  how  are  we 
to  explain  the  circumstance  that  the  blue  stars,  which 
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in  til  be  nearest  tlie  nebiiiir  in  typp,  are  by  Wil^iing 
uihI  Srlieiner's  observations,  imd  by  an  appeal  Ui 
ordinary  exiKsriencc,  apparently  hotter  than  Iho 
low  ones?  \»  a  reply  to  tlas  nbjertion  we  must 
ite  that  whether  with  most  aslroiutrners  we  accept 
photosphere,  or  assume  a  purely  gii^teous  s\ux  as 
in  Chapter  VI,  the  innej  part**  of  the  sun, 
or  of  ft  star,  are  not  visible  t<)  the  ob«erver.  The  inner 
parts  may  in  fact  be  hotter  for  yellow  than  for  blue 
slan,  without  in  any  way  altering  the  xuf^ccwuon  of 
apparent  surface  temperatures  fount!  by  Wilwing  and 
Schetner,  for  different  type  stars. 

But  it  is  by  no  means  i-Iear  tlial  a  ji'Ilow  star  is 
necessarily  older  than  a  blue  star  in  aetual  time,  and 
itideeil  it  does  not  seem  necessary  to  admit  that 
everj-  star  of  the  helium  or  hydroncn  type  of  wpcc- 
tnnn  will  nceemarily,  with  lapse  of  time,  bcf^ome  u 
solar  or  Antarian  star.  The  sinularity  of  spectnim 
linos  proves  that  certain  elementH  found  in  the  earth 
exist  in  the  sun  and  in  the  stars.  Wien  stars  fail  to 
exhibit  any  of  the  spttrtral  lines  of  an  element  we  can- 
not know  that  tliis  element  exists  in  those  i>arlifutar 
Btars,  for  we  im*  not  fully  ju.^tified  in  supposing  that 
it  does  so  on  the  assumption  that  conditions  do  not 
favor  the  production  of  its  spectrum.  It  may  pos- 
itibly  be,  then,  that  Sirius,  for  itmtance,  will  never 
iw  a  solar  type  of  spectrum,  however  cold  it  may 
iw  superfifially. 
le%'elop  this  line  of  thought  for  com^ideration  in 
ioQ  with  the  discussion  and  eatologue  of 
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spectroscopic  binaries  recently  published  by  Pre 
W.  W.  C;mipl»ell."  The  idiservetl  spectroscopic 
binary  stars  range  in  period  from  less  than  a  day  to 
-more  than  a  year,  and  visual  binaries  carry  the  range 
of  periodic  times  up  to  thousands  of  years  at  least. 
Campl>eU,  in  summarizing  the  existing  observatii 
of  spectroscopic  binaries,  draws  attention  to  t 
relations  between  the  periods  of  orbital  revoluti| 
eccentricities  of  orbits,  and  types  of  spectrum, 
following  table  shows  these  results: 

Table  XXXIII. — Spcdnfaeopk  binaries.    Spectral lypti, pi 
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•  Frffliii  Lick  Obeervatory  Bilirfin  No.  181. 


This  summary  shows  clearly  that  the  "earli^ 
types  of  sjiectra  are  associated  in  spectroscopic  bin 


'Lick   Otjacrviilory   Bullvtin    Nu.    ISl.     Alao   "Pub.   Aslr. 
PadiHu,"  April,  IIHO. 
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ap  a  rule,  with  whort<?r  periotis  and  smaller  ec- 
prntricitiiM  ttiau  uru  the  "laUr"  types  of  spectra. 
( 'anipbell  also  gives  a  table  of  fifty  telescopic  biiuiri(.*8 
an^nf^d  in  order  nf  thrir  iwriods  in  five  groups  of  ten 
■h.     The  periods  range  from  5.7  yeara  to  194.0 
and  not  one  of  the  stars  nanie<l  (which  gener- 
ally itt  the  principal  star  of  the  pair)  has  a  !4i)ectrum 
of  the  O  or  B  type,  while  many  cpeeimens  of  typeri 
A,  r,  and  (t,  and  some  of  K,  are  found.     \s  for  the 
GCDontricitiei^,  thenc  ore  all  large,  averaging  fl.4tU, 
0.458,  0.41)5,  O.^ai,  and  0.4S:)  in  the  five  groups. 
le  general  average  period  Is  :4cventy-tn'o  yearx,  and 
»rage  ercpntririty  of  orliit  0.49. 
In  BumiuAry  for  the  MpMopie  bin&rieii: 
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In  the  wordf*  of  Campbell:  " Visual  double  ntars 
ly  alihor  the  O  and  K  types,  and  viiual  double 
fitarH  of  relatively  short  periods  clearly  abhor  M  oDil 
X  types. 

"Whiit,"  nays  Campbell,  "U  the  nignitiranee  of 
these  facts?  I-et  ux  nwall  that  Darwin  and  Poineare 
studied  the  origin  of  binar>'  .'ttart)  fnim  theoretical 
tideratious,  and  came  to  the  conclusion  that  b 
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condensing  nebulous  mass,  rotating  on  its  axis 
stautly  faster  and  faster,  to  keep  pace  with  li 
heat  by  radiation,  should  eventually  iwparatc 
two  nebulous  masses  revolving  around  their  mul 
center  of  mass.  These  two  masses  would,  in  the 
lieginning,  lie  revolving  in  contact  in  orbits 
tially  circular.  With  advancing  time,  tidal  didi 
ances  should  cause  the  two  bodies  to  draw  apart 
idly  at  first,  and  less  rapidly  later.  In  the  spec) 
Rcopic  binary  systems  describcd^have  we  not  a  tol- 
erably complete  sequence  of  orbits  illustrative  of  the 
Darwiii-Poincare  hypothesis?  The  short-period  or- 
bits should  he  circular  or  nearly  so,  and  should 
appertain  preferentially  t.o  stars  of  early  spectral 
types;  the  longer  periods  should,  in  general,  attach 
to  the  more  eccentric  orbits  and  the  older  spectral 
types;  and  these  are  the  facts  estalili.shed  by  actual 
observation  of  Ijinary  systems.  ...  It  will  tie  not«d 
that  in  these  widely  separated  {leleseopic  binary) 
terns  there  is  not  a  single  O  or  B  type,  representing, 
early  stages  of  binary  existence.  There  are  a  ft 
types,  but  the  major  number  are  of  the  advance 
type  and  G  and  K  types.  I  suspect  the  K,  M,  and  N 
types  are  not  more  fully  represented  for  the  r< 
that  in  these  old-age  sj-stems  the  two  com] 
are  in  general  so  far  apart  that  the  periods  of  re' 
tion  are  many  hundreds  or  thousands  of  years, 

Campbell  considers  also  the  relative  masses  of  the 

two  components  In  the  binary  systems  for  which  this 

is  known.   In  seventeen  cases  where  the  componeiM 
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are  of  unequal  tnSfiK»  he  fiiuLt  that  with  one  ucep- 
lion  the  le«<er  ooniponoDt  »  of  an  "earlier  type  of 
spectnuu,  vr  Hupr,  than  the  tnorr  mamivi;  one." 
Here,  itt  fmt  iigiit,  is  a  mom  surpruuig  tliiug.  Of  two 
Stan  admittedly  of  etiual  age,  the  one  of  greater  maan 
is  in  feoeral  the  mure  advanced.  Campbell  says: 
An  hypothesis  of  Huggins,  RUjK(^te<l  at  Titvt 
,her  camially,  and  later  diHca>««e<l  more  serinuHly, 
to  me  to  be  of  great  merit,  especially  when 
's  exten»on  of  the  hypothesu*  is  applied. 
KSittion  i»  a.s  follown:  'Another  way  of 
looking  at  ihe  prvbluni  Ls  p«riuvpt«  possible.  May  it 
be  that  the  effwt  of  the  great  Ni,'t*<  on  -lurfane  density, 
together  »Hth  the  wurkinK  irf  bine's  law,  by  whitrh  the 
[toniperature  of  a  '-DiiiliHtHiciK  Ki^seou^  iiulhs  iui  long  as 
'it  is  subject  U>  the  Ihwn  of  a  iiiirely  Riwyjui*  Ixidy  will 
continue  to  rise,  will  favor  in  such  stars  the  roming 
in  of  a  solar  lyiw  of  sptK^lnitn  at  a  sotucwhal  rrla- 
Uvely  earlier  time?'  Sehuster'.t  extension  suggests 
effect  that  the  lighter  gaftes  -hydrogen,  helium, 
so  on — which  surround  a  star  in  itx  early  age,  will 
be  pulled  down  on  a  star  of  small  mass  but  lightly, 
and  a  long  period  will  be  roquirod  for  the  absorption 
of  these  gases.  Such  a  star  would  remain  elTwtively 
lung,  OS  juddeil  by  its  spectral  type,  Innfter  than  itA 
ire  ma.'i.sivc  primary.  In  the  latter,  the  greater 
gravitational  power  would  lead  to  more  rapid  afanurp- 
tion  of  the  lighter  ^ummndinK  gasen,  and  the  pre- 
dominant intlutMKT  of  the  mctallir  absoqition  would 
iter  earlier.     It  tteenis  rcarumable  to  sup|HM(?  tluit 
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the  greater  internal  gravitation  of  the  more  mass 
primary  will  generate  heat  more  rapidly,  and  cause 
to  live  its  life  more  rapidly  than  in  the  case  of  the  lii 
massive  secondary." 

Should  not  this  explanation  of  the  prevailing  ten- 
dency to  earlier  types  of  spectra  for  the  lesser  com- 
ponents of  binary  stars  take  more  expUcitly  into  con- 
sideration a  difEenlty  suggested  by  ordinary  experi- 
ence of  cooling  bodies,  Planck's  law  of  spectral  enei;g 
distribution,  and  Wilsing  and  Scheiner's  results  <| 
the  relative  temperatures  of  the  stars?  For  it  is  B 
blue  stars  which  we  should  suppose  to  be,  and  whiSi 
Wilsing  and  Stiheiner  find  to  be,  superficially  hottest, 
and  Bs  tlie  bluer  stars  are  generally  supposed  to  be_ 
also  of  less  density  than  the  yellow  ones,  then*  s 
faces  are  also  greater  in  proportion  to  their  masa 
Hence,  if  their  radiating  cne^icients  are  equal  to  Ihm 
of  yellow  stars,  they  should  radiate  more  rapidly  and 
advance  more  rapiiUy  in  spectral  type  thereby,  if,  as 
is  often  assumed,  advance  in  spectral  type  is  a  mere 
function  of  radiation  and  consequent  condensation. 

I  venture  to  suggest  that  if  the  view  of  Campbell 
as  to  relative  masses  and  types  of  spectra  is  well 
foimded,'  its  significance  in  this  respect  may  be  the 
following.     .Vs  we  do  not  know  that  the  two  comptq^l 
ents  of  a  binary  are  of  suniliir  constitution,  nuvy-^l 
not  be  that  the  bluer  component  has  a  smaller  coe.0^M 

'  Nul  ult  astronotners  arc  agreed  that  it  ia  the  general  ruin  (or  tl^l 
Bmaller  componprit  of  a  liinary  l"^  *""  '■■-"  "''■■-- ' '—  -™"»-..i  !«■ 
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eieni  nf  radiation  than  the  otherf  By  this  I  mean  that 
if  the  two  objtictji  wen;  uf  equal  size  and  temperHture, 
the  blue  stAT  would  cniit  less  radiation.  We  have  no 
evidence  whether  this  wtute  of  afTainf  ocrurs  for  hodics 
of  stellar  tein[»envturet«,  but  d«x-id(Hl  diffcrenres  of 
radiating  power  were  found  by  Pascheii  and  othcn* 
at  moduruUily  high  trniiK^raturcs  for  various  mlid 
aubstancen.  some  of  which  might  even  have  been 
expoctiHl  to  bi)  a|>proximaU>ly  "blaplc  bfMlip;*,"  ,\*. 
suming  this  explanation,  the  blue  alan*  might  radiate 
slower,  even  though  of  decidedly  higher  temperatures 
and  larger  nurfaces  iu  propurtiun  to  thotr  mamett  than 
their  yellower  neighlMint. 

As  to  the  assumed  difference  of  ronBtitution  of  the 
eom(iomint«,  ('ampbell  ha«  xuggi'«t<?d  that  they 

■re  originally  one  object,  which  r«;i>anited  owing  to 
too  rapid  rotation.  In  Huch  a  case  might  not  the 
smaller  object  UHually  carry  with  it  a  pre|>ondoranco 
of  the  lighter  elements  which  r<ini[>«xsed  the  origiiuU 
or  nebula?  Wc  have  ««m  in  Chapter  VI  that 
lightest  elements  lie  furthest  out  in  the  8Un,  and 
it  aenms  reaMonabkt  to  supiKiM-  that  the  same  holds 
in  the  ctt!«  of  a  just  scpaniting  binary,  so  that  per- 
haps they  might  t<-nd  to  accumulate  in  the  bul^ng- 
out  component  of  smaller  mam.  If  thin  Ls  no,  thnn 
the  presence  of  a  chromompheric  type  rather  than  a 
photospheric  type  of  spectrum  or,  in  other  words,  the 
assuming  of  the  spectrum  of  early  stellar  type,  Hhould 
naturally  be  ii.'*soci«t<Hi  with  the  Ic*wr  roiniKincnt, 
it  htU)  preponderatingly  the  H^t  elemcota, 
it7 
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the  bemry  cfanentw,  ami  the  gremtcr  star  all  of  tban. 
BaUicr  that  the  lener  itar  bw  so  b^e  a  Htpirtjr  of  the 
lighter  donenta  that  they  effectuaDr  ocreeo  by  Ibeir 
•eattering  of  lii^t  ■  the  radisticm  of  the  heavier  ones 
lower  down,  just  an  it  is  probable  that  the  dements 
uf  the  ptatioum  group  are  obscured  io  the  sua  as  ex- 
plaioed  in  Chapter  V'l,  In  the  greater  star  the  ele- 
ment«  hydrogen,  helium,  etc.,  while  present,  I  sup- 
pOHc  to  be  leflH  plentiful,  so  that  the  heavier  metals 
occupy  practically  a  nurface  position,  aod,  heno^ 
giv«  thirir  typical  Hjiertni. 

But  it  will  be  urged  thai  this  view  implies  too 
murli,  anil  i\nv»  not  t^ke  into  account  the  progressive 
cliaiim'  uf  spectral  tyi)e  shown  to  occur  with  increas-  ] 
iiig  agn  of  hinarieH.     In  other  words,  that  it  would  i 
imply  that,  once  a  hlu«  star,  never  a  solar  star. 
Hefore  annweririg  thli  objection  let  us  examine  Table 
I  of  thitt  iMiok,  which  shows  that  the  four  outer,  and 
according  to  the  Laplacian  hyp<Jthesis  probably  old- 
OMt,  planets  of  the  solar  system  arc  all  of  low  density, 
oven  lower  (notwithstanding  their  probably  low  tem-  J 
jwratiires)  than  that  of  the  enormously  hot  sun,  and! 
fimr  tiniPB  as  low  as  the  densities  of  the  four  innerl 
planct8.     May  not  twine  support  of  the  view  just  I 
lulvantHvl  Iw  piincd  from  this  circumstance?     Wer8,J 
not  these  planets  construi'ted  from  the  solar  nebul 
'SwCLiipUr  VI- 
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arcumulttting  with  them  a  preiioudcnuicc  uf  the 
lighter  rtolar  const iturnts?  If  ho,  did  not  their  forma- 
ticm  tend  t<i  mlvaiice  tbc  type  of  the  solar  h-peclxuni? 
May  not  other  stars,  binary  ftare  not  excluded, 
whether  priinari»?M  or  secondarios,  also  give  rine  to 
_n!lativt'ly  small  planets  and  Katfllitcw,  thereby  lonuig 
leir  lighter  ^turfacc  materials,  and  hcneo  advancing 
lemtelve^i  in  ripeetral  ty]>e?  Such  planet^*,  if  of 
1  nta«M^  relatively  to  their  priinarie»,  coiild  not 
be  olirterved,  and  hence  niay,  Utr  all  we  know,  cxint. 

Dr.  Johnstone  Ktoney  showed  many  ycan«  ago  that 
the  lighter  elements  gradually  escajre  from  atmos- 
pberpM  iicoordiiiK  U>  llie  kinetic  theory  nf  KatieH,  and 
the  mont  mjiidly  tlic  higher  tlic  prevailing  tenipora- 
tures.  He  explained  by  Ihw  means  the  abwnce  of 
walCT  vajKir  from  Man*,  of  ull  kumts  from  the  nMKin, 
uid  of  helium  and  hydrogen  in  ntarited  (guantity  from 
the  earth.  May  not  this  proiHw.s.  favored  ba  it  must 
be  by  the  high  lemiK-rat ure.s  of  the  blue  ntart,  aid  in 
cnuntc  of  agPH  to  divest  them  of  hydmgen,  helium, 
etc.,  and  thereby  tend  to  lulvanec  their  type? 

Without  wholly  accepting  until  we  have  fuller 
evidence  the  relation  p«jinled  out  by  Campbell  in 
regard  to  spectral  liiK*  and  ma-**:*  of  binaries,  the 
suggestion  ju:4t  mode  at  to  a  possible  path  of  ntellar 
evolution  is,  of  ciiurse,  not  limited  in  its  application  to 
the  cases  of  binary  slan.  It  may  be  that  all  the  blue 
stars  are  of  early  si>ectral  type  becautte  their  elcmvnta 
of  bifdi  atomic  weight  an?  oIiM'urvd  by  the  lighter 

r,  hydrogen,  helium,  etc.,  and  that  nith  the  es- 
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cape  of  these  gases  to  space  or  the  fonnation  of  salel 
Utea,  the  spectral  type  will  be  advanced  to  the  solar' 
stage,  and  from  that  by  cooling  to  the  Antarian. 

Returning  from  these  perhaps  too  presumptuous 
digressions,  I  shall  6nally  call  attention  to  some  data 
noted  by  Prof.  Kapteyn  as  perhaps  "valuable  in  the 
classification  of  the  stars  ui  the  order  of  their  evolu- 
tion."'  He  remarks  first  the  progressive  increase 
"peculiar"  stellar  velocities'  for  stars  of  the  advan- 
cing spectral  types.  In  the  following  little  table  hi 
sums  up  the  results  thus  far  available. 

Table  XXXIV. — Spectral  iypc*  and  I'dociiiet  in  ■ 


1 

IS     ^ 


Ts-peot^rlftimorDbi™* 

..rx'^7^^ 

Number 

km        - 
6.5 

AWA5 

12.6(11   21 

18 

FloF 

U  5 

17 

G  to05 

12  fi 

2« 

KU.K5 

15.4 

65 

Ma 

19.3 

6      : 

Fknetary  nebula 

26.8 

13 

O.t 

. 

N 

13  I 

8      ^ 

L 

3,7 

2 

D  tbia  cnnnection,  T.  J.  J.  See' 
589, 

'  Cimtrih\dions,  Mount  Wilson  Solar  Observalory,  No.  45, 
'  By  Ihis  is  muant  "thp  velocil.y  frcixl  from  that  part  which  is  dug 
lUe  motion  ot  the  solar  aj-stcni  through  apaw," 
130 
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He  then  (iisciiaws  the  "peculiar"  proper  motions 
f  over  2,000  mtan  and  fiiidit  the  ratio  of  their  average 
litudes  to  the  solar  motion  a»  follows: 


Typr  l(tt.\) 
Typ.-II(PioK). 
TypT  unknown    , 


1  1)2 
1  40 
1.4fi 


lUl 


3»l 


concludes  that  the  ratio 
AveraftP  linear  velocity  of  the  F,  G.  K  Btam 

Average  linear  velocity  of  the  A  stara 
tot  bo  smaller  than  1.3. 
It  is  greatly  to  Ik?  reKrctted  that  there  are  not  more 
radial  volocitica  for  ncbuhe  of  the  Orion  type  knowa 
as  yot,  !)ut  the  evidence  neems  to  indicate  that  such  a 
iiebula  U  Uy  Im-  reiEiu'detl  oh  prartic^ally  Htationary,  and 
,t  the  stars  of  advancing  «|»ectraJ  types*  are  affected 
progressively  greater  and  greater  motions  in  Mpaec, 
but  that  the  planetar>'  nebulx  are  not  to  l>e  clawed 
ift-ith  the  nebulie  of  Orion  tyjie,  but  at  the  other  end 
of  the  chain. 

Kapteyn  sayM:'  "The  phenomenon  of  the  inereiwe 

velocity  with  the  evolutional  stage  of  the  stars 

■e  rine  to  s|)vculatiiia  a^  to  it»  cause.     The 

ational  results  contained  in  our  table  naturally 

to  conclude  that  the  matter  from  which  the 

jDfiginato  must  have  Uttle  or  do  velocity.     How 

possible  under  the  influence  of  the  combined 

m  of  the  rent  of  the  system?    Is  it  not  a*  if* 

II  ol  the  Mount  WiUni  rtoUr  OtiMTvalory  Nu.  i&. 
It  npTMuhly  iruko  ihr  hypoihnin  thai  rt«Uy  trttnur- 
I  auhJKFl  U>  rnvilftlion      If,  for  inirtwirr,  m  wm 
»r  by  *  (riMiil,  iht-  irnuily  uf  tbla  nutter  mrf  rath  that 
431 


I 


I 


THE  SUN 


gravitation  had  no  effect  on  ibc  cosmica!  matter^^ 
primordial  t^tate?  If  this  be  so — as  soon  as  matter 
changes  from  ihLs  state  to  another  in  which  gravity 
begins  to  act,  or  to  act  freely,  motion  will  arise,  and  it 
is  evident  that,  as  a  rule,  the  motion  must  be  acceler- 
ated, at  least  during  immense  periods,  so  that  the^ 
longer  the  period  elapsed  since  the  birth  of  the  stfi 
the  greater  must  be  their  average  velocity. ' 

After  calling  attention  to  the  argument  from  binary 
systems,  which  we  have  already  considered,  Kapteyn 
mentions  the  two  great  star  streams  which,  according  | 
to  his  researches,  embrace  the  stars,  and  notes  that,] 
as  shown  by  Dyson,  the  stars  of  type  I  "divcr^  les 
from  the  general  drift  of  the  two  streams  than  the 
other  stars. "  Such  a  result  harmonizes  with  the  view 
that  the  Orion  stars  are  relali\'ely  young.  But,  saya_ 
Kapteyn:  "Not  orJy  this.  Observation  shows  fui 
ther  tliat'for  the  Orion  stars  the  stream  velocity  i 
small ...  as  compared  with  . . .  the  rest  of  the  s 
Apart  from  the  advantages  that  we  may  derive  from 
this  result  for  the  classification  of  the  stars  in  I 
order  of  their  evolution,  it  has,  I  think,  a  gi'eat  im- 
portance in  its  bearing  upon  the  question  of  the  gen- 
ie vterc  very  malrrUtly  hindered  in  its  motion  by  Ihc  iniLtt<!r  wliidi  wu 
muHt  aasump  as  filling  Ihi-  uiuvcrec  in  order  to  explain  the  pttenns^ 
enon  of  scle<;tive  nlisorptioD  of  light  recently  found,  ihc  vdoeitjfl 
of  this  matter  could  not  n<i.'«4?d  the  value  for  which  the  TmiaUiicfriM 
equaJ  to  the  total  attraction,  .  .  .  Other  eupposiliooa  may  protut^fl 
be  made  of  torccH  which,  in  Ihc  primordial  state  of  mattrr,  cmmtaf  j 
w-t  KTBiVily.  But  it  ia  ovidpnt  that  in  auch  cases  where  gravity  id 
jUHt  euunl«rl>alaoco(l  by  another  forec,  things  happen  ort  if  there  'ifwriB 
DO  force  at  ail."     (May  not  lighl  pressure  be  such  a  force?)  ■ 
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ion  of  the  star  Rtrcamfl  themeelveR.  For  it  proves 
that  the  xlrRarning  motiun,  Uny,  is  nut  an  initial 
motiou,  but  one  generated  at  an  epoch  which,  for  the 
starv  of  any  one  type,  must  lie  placed  at  a  time  rel- 
atively hut  Uttle  preceding  the  time  when  they 
passed  through  the  Orion-type  stage." 

The  results  ni  Kapteyn  aid  greatly  to  convince  us 
that  the  progress  of  evolution  i;^  from  the  Orion  typo 
of  nebula  at  the  beginning,  to  the  fourth  type  rtar  at 
the  end,  and  not  the  opixisite,  in  the  lapse  of  time. 
For  we  shall  sec  from  them  that  there  is  a  real  prog- 
rena  from  one  stage  to  another,  marked  by  the  gradual 
march  of  velocities.  It  only  remaiiut  to  show  that 
the  march  is  in  the  xuppoised  direction  and  not  its 
opposite,  antl  for  this  purimse  the  study  of  one  part 
of  the'  couTM'  hi  m  k'«'<1  ««  another.  Now  wo  know 
that  the  ^tant  of  the  .second  type  reiscmbie  the  sud'h 
photosphere,  and  those  of  thr  tliird  tj'pe  the  nun 
!<pots  in  their  ^jHictra,  uiid  that  this  dilTcrence  is 
brouRht  about  in  the  sun  by  the  mere  n^hiction  of 
temperature.  A  re<hiction  of  temperature,  however, 
nmst  finally  occur  when  a  star  exhaust.'*  itJ*  source:*  of 
energy.  Hence,  the  third  typo  start  must  prolmhly 
be  a  later  stage  of  evolution  than  the  second,  and  I  ho 
progress  of  evolution  is  therefore  from  the  Orion 
oebula  to  the  fourth  type  star.  Ttiis  conclusion  is 
supported  also  by  Campbell's  discussion  of  binar>' 
stani. 

„  Various  considerations,  then,  reconmicnd  the  view 
t  the  stars  are  formed  from  nebulie,  take  fii«t  the 
as 
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OrioD  type,  and  pass  on  with  age  to  the  solar  class, 
and  thence,  with  cooling,  to  the  jVntarian  stage  anal- 
ogous with  sun  spots  in  spectrum.  We  may  suppose 
that  a  still  more  advanced,  and  usually  final  sta^e,  is 
the  cold  one  of  which  the  earth  and  moon  are  types. 
It  is  speculating  far  from  the  sure  ground  of  observa- 
tion to  say  it,  but  do  not  these  conclusions,  and  es- 
pecially Kapt«yn's  dLscussion  of  the  velocities  of 
uebuliE!  and  stars,  indicate  that  the  entire  stellar 
system  arose  from  a  sort  of  formless,  relatively 
motionless,  chaos,  and  will  at  length  reach  a  dark 
and  unknown  end? 


1 


CONCLUSION 

tU(]y  of  th(^  nun  and  it»  relatione  with  the 
earth  and  stars,  the  discoverios  of  two  typcn  of  invm- 
tigators  have  como  prominoiitly  Iwfore  us.  To  one 
clajM  iK'Iunfi  those  geniu!<fc4  whoso  nivinn  mintbt  in- 
cHup  them  to  try  this  and  that  new  thirif;,  and  whoso 
acute  perceptioiw  eiiubic  them  to  turn  even  tlieir  most 
random  ob^n'ation-s  into  glorious  discoveries.  In- 
vestigation to  them  in  tike  happy  excitinit  play  to  a 
child.  Thejte  have  their  plm'e  and  their  ever-present 
reward.  To  another  rlaw  belong  the  patient  ob- 
servers an<l  philosophehi  who,  frotn  a  Inve  of  Htrience 
and  a  sense  of  duty  to  their  age  and  t«  posterity, 
have  gradually  enlargtHl  hy  tedious  obser\'al  ion  and 
laborious  analysis  that  precious  Ktore  of  pxart  knowl- 
edge whose  value  time  camiot  impair  but  can  only 
enhance.  The  men  of  lK>th  daHsefi  are  deserving  of 
■ation,  the  former  for  their  brilliancy,  the  latter 
r  peroeveraiire.  A.-*  those  of  the  former  clasa 
iHtiimally  receiving  their  met-d  of  praise  from 
r  contemporaries,  it  will  not  be  luniss  to  offer  oiir 
;  to  the  others,  ;ind  rocoll  to  mind  the  work  of 
,  whose  inimnrtjvl  "Principitt"  he  ttufTercd  lo 
1  unknown  until  by  the  importunity  and  finan* 
1  means  of  hi»<  friend  Ilalley  it  came  at  laM  lo  pub- 
too;    Laplace,  Gau«,  Haufwn,  Newoamb,  and 
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many  more  who  erected  the  wonderful  edifice  of 
mathematical  astnmoniy  on  the  foundation  of  New- 
ton's law  of  gravitation;  the  long  series  of  obHcrvers 
from  Clalileo  down,  whose  sun  sp<it  records  were  com- 
bined by  Wolf  with  such  rare  skill,  after  the  patient 
work  of  tw^enty  years  by  Schwabe  had  indicated  the 
sun^pot  cycle;  Carrington,  Spoerer.  and  the  others 
whose  numerous  observations  revealed  the  law  of 
rotation  of  the  sun:  KirchhofT,  A.  Angstrom,  and  our 
own  wonderful  Rowland,  whose  spectrum  researches 
are  the  fomidation  of  solar  physics:  the  unremem- 
bered  army  of  meteorological  observers  whose  plod- 
ding records  are  sometimes  scoffed  at  by  the  more 
brilliant.,  but  which  nevertheless  share  in  the  en- 
hancement of  value  produced  by  generous  Time; 
Bradley,  the  father  of  exact  stellar  obser\'ation,  whose 
thousands  of  accurate  star  places  are  priceless  to 
modern  astronomy;  Argelander,  whose  enormous 
work,  the  "  Durclimusterung "  of  the  northern  stars 
is  yet  in  the  prime  of  its  usefulness;  Huggins,  whose 
pioneer,  yet  long  sustained,  investigations  in  as- 
tronomical spectroscopy  laid  the  foundation  of  the 
study  of  stellar  evolution. 

These  men  and  many  more  who  were  actuated  by 
the  same  motives  have  passed  on,  but  their  work  still 
lives.  There  still  remains,  and  ever  will  remain  in 
aolar  and  stellar  investigation,  room  for  such  work; 
and  on  the  thorough  doing  of  it  in  our  time  the  won- 
derful flowers  of  future  discovery,  whose  beauty  our 
eyes  cannot  see,  or  our  imaginations  picture,  must 
436 


(ely  depend.  If  we  now  had  such  InnR.  unbroken, 
and  acruratf  wrics  of  nit-ti-oroluKiful  rn'onU  of  nu- 
inrmudiilalions  iniill  part .«  of  the  worlil,  on  land  and 
wa  and  in  the  air,  a^  ptiMterily  niii^t  depend  on  uk  to 
supply;  if  wc  now  had  those  lonK-kept,  numcrou;*, 
and  accurate  observations  of  stellar  parallaxes, 
briKhln(>fts,  forms  of  s|i«ara,  veloeities,  ami  other 
data  which  Kapteyn  longs  for,  but  in  vain;  if  we  now 
had  accurate  measurements  of  the  solar  constant  of 
radiation  going  back  centimes;  in  short,  if  we  could, 
as  we  find  the  nee<l  of  it,  consult  iJie  records  of  the 
Past  to  verify  Ihe  HunnJNi's  of  the  Present,  then  M)lar 
and  stellar  knowledge  would  advance  with  such  le-aps 
and  IriujndK  thnt  we  eoulil  >aum  Mf>  Ihn  gn^at  pan(i> 
rania  r)f  (he  universal  evolution  uimill  before  us. 

The  child  is  ^aid  to  long  to  grm\}  the  moon.  Who, 
in  hi«  niatiirer  years,  hiis  never  wished  that  he  might 
stand  upon  the  mixin,  and  watch  the  earth  at  full,  a 
glorious  planet  of  the  night,  four  times  as  far  from 
rim  to  riiu,  and  twice  ax  bright  in  every  part  tut  is  tho 
moon  herself!  Who,  thinking  more  gravely,  has  not 
wislie«l  sometimes  he  had  l)eeii  tH>rn  in  later  yearv, 
when  he  could  share  the  fuller  understanding  yirt  In 
come?  Shall  we  not  live  in  hope  that  if  we  worthily 
eoiitribult'  to  that  happy  end,  we,  Uta,  may  join  with 
that  great  company  whose  patient  and  sound  labont 
have  given  us  what  we  know,  and  in  a  future  life  with 
them  may  set'  unrolled  the  wider  view  which  hero  wo 
long  to  sec  in  vain? 
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